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ABSTRACT 


Airborne  remote  sensing  techniques  were  applied  to  the  detection  and  dis¬ 
crimination  of  pollution  by  oil  on  the  ocean  surface.  The  tests  were  performed 
in  the  Gulf  of  Mexico  during  April,  1970.  Pollutants  investigated  included  #2 
fuel  oil,  #6  fuel  oil,  9250  lube  oil,  light  crude  oil,  heavy  crude  oil,  gasoline, 
and  mixtures  of  gasoline  and  oil.  A  total  of  103  oil  slicks  were  produced  as 
a  function  of  spill  rate  and  ship  speed.  Ship  speeds  were  nominally  10,  14, 
and  17  knots  and  spill  rates  raided  from  0.02  to  greater  than  4.0  GPM  (Gallons 
per  Minute) . 

Sensors  used  during  the  airborne  tests  included;  two  dual  polarized  micro- 

wave  radiometers  operating  at  10.2  and  30  GHz,  an  infrared  scanner  operated  in 
,  / 

both  the  4-5. 5M-  and  8-14M-  regions,  a  dual  70  mm  camera  sensing  visible  color 
and  infrared  color,  a  4-lens  camera  employing  filters  from  the  mid-visible  to 
ultraviolet  wavelengths. 

Oil  was  detected  on  the  sea  surface  at  spill  rates  as  low  as  0.2  GFM  for 
long  wavelengths  sensors  and  at  the  lowest  spill  rates  for  photographic  imagery 
using  an  ultraviolet  filter.  Anomalously  warm  infrared  radiometric  temperatures 
were  recorded  in  the  4—5 •  5M-  region  for  heavy  crude  oil  while  #6  fuel  oil  appeared 
radiometrically  cooler. 


PREFACE 


This  report  presents  the  results  of  airborne  multi-sensor  tests  of  small 
oil  slicks  formed  in  the  Gulf  of  Mexico  during  April,  1970*  A  total  of  103  oil 
slicks  were  made  by  a  U.  S.  Coast  Guard  cutter  50  miles  off  the  coast  of  Alabama. 
Pollution  types  investigated  were  #2  fuel  Oil,  #6  fuel  Oil,  9250  lubricating 
oil,  gasoline,  light  crude  oil  and  heavy  crude  oil.  The  oil  slicks  varied  as 
a  function  of  spill  rate  (from  0.02  to  4.57  GFM)  and  ship  speed. 

Remote  sensors  utilized  in  performance  of  the  tests  included:  4-lens  cam¬ 
era  operating  in  the  ultraviolet  and  short  wavelength  visible,  dual  70  mm  visi¬ 
ble  color  and  infrared  camera,  an  infrared  scanner  operating  in  the  4-5.5  and 
8-14^  bands,  and  two  microwave  radiometers  at  wavelengths  of  1  and  3  cm.  Air¬ 
craft  operating  altitude  was  2,000  feet  throughout  the  six  days  of  tests. 

The  technical  and  administrative  assistance  provided  by  the  U.  S.  Coast 
Guard,  Office  of  Research  and  Development  is  greatly  appreciated.  Specifi¬ 
cally,  the  technical  assistance  of  Lt.  (jg)  Fredrick  L.  Orthlieb  throughout 
the  program  is  acknowledged.  Assistance  provided  by  personnel  of  the  8th  Coast 
Guard  District  during  execution  of  the  flight  program  is  appreciated. 


TABLE  OF  CONTENTS 


Page 


I*  INTRODUCTION  1 

II.  EXPERIMENT  DEFINITION  3 

III.  TEST  DETAILS  AND  ANALYSIS  5 

A.  Multispoctral  Photography  9 

B.  Visible  Color  and  Infrared  Color  Cameras  20 

C.  Infrared  Scanner  Imagery  31 

D.  Microwave  Radiometer  Sensors  33 

IV.  CONCLUSIONS  40 


LIST  OF  TABLES 

TABLE  1  Oil  Spills  Selected  for  Analysis  8 

TABLE  2  Dispersion  and  Detection  Characteristics 

of  Heavy  Crude  Oil  17 

TABLE  3  Radiometer  System  Specifications  34 

TABLE  4  Microwave  Radiometer  Temperatures  36 

TABLE  5  Figure  Number  Index  43 


APPENDIXES 


A.  Microwave  Data 

B.  Visible  and  Infrared  Color  Photography  Data 

C.  Visible  and  Infrared  Color  Photograph  Spread  Rates 

D.  4-Lens  Multispectral  Data 

E.  4-Lens  Multispectral  Spread  Rates 

F.  Aircraft  Log 


I.  INTRODUCTION 


This  report  represents  the  results  of  a  measurements  and  analysis  program 
on  airborne  sensing  of  controlled  oil  spills  under  Contract  D0T-CG-03532-A. 

The  airborne  tests  were  conducted  approximately  50  miles  off  the  Coast  of 
Alabama,  southeast  of  Mobile.  All  sensor  measurements  were  conducted  from  a 
single  aircraft  so  that  all  data  could  be  correlated  in  space  and  time.  The 
sensors  on  board  the  aircraft  included  two  microwave  radiometers,  a  visual  mul- 
tispectral  color  camera,  an  IR  color  camera,  a  multispectral  4-lens  camera  op¬ 
erating  in  the  short  wavelength  visible  and  ultraviolet,  and  an  infrared  scanner. 
The  airborne  tests  were  secondary  to  other  tests  being  conducted  by  the  Coast 
Guard  from  the  deck  of  the  spill  vessel,  the  chase  boat,  and  the  low  altitude 
heliocopter  photography.  The  multisensor  aircraft  photographic  data  were  to 
supplement  that  data  taken  on  board  the  ship  and  the  heliocopter  by  providing 
width  measurements  and  a  history  on  spread  rates  versus  flow  rates  over  a 
period  of  time.  The  microwave  radiometers  and  the  infrared  scanner  data  were 
to  be  used  to  determine  the  capabilities  of  these  sensors  in  detecting  oil  from 
an  airborne  platform.  Being  primarily  a  photographic  mission,  the  experiment 
was  inn  to  complement  the  photographic  data  and  was  not  always  optimum  for  the 
acquisition  of  microwave  data. 

In  the  discussion  which  follows,  the  data  received  by  each  sensor  and  the 
analysis  thereof  will  be  discussed  separately  and  compared  in  a  conclusion  sec¬ 
tion.  Since  more  than  7,000  photographs  were  taken  and  over  11  hours  of  micro- 
wave  data  were  recorded  this  report  cannot  cover  all  aspects  of  the  experiment. 
Instead,  a  representative  sampling  of  each  oil  type  spilled  at  various  spill 
rates  will  be  discussed.  A  major  goal  in  the  analysis  of  the  data  received 
from  all  sensors  was  to  determine  the  detection  threshold  of  that  sensor  and 
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*.r.~  relationship  of  the  sensor  responses  to  the  various  oil  types  and  oil  thick¬ 
nesses.  Tables  which  contain  the  airborne  logs,  detection  data,  and  analysis 
iata  are  included  as  appendixes. 


Best  Available  Copy 


II.  EXPERIMENT  DEFINITION 


All  oil  spills  were  pumped  from  the  deck  of  the  Coast  Guard  cutter  at  a 
specified  rate  over  a  period  of  time  which  varied  from  approximately  eight 
minutes  to  16  minutes,  dependent  upon  the  speed  of  the  ship.  The  ship’s  speeds 
were  nominally  10  knots,  14  knots,  and  17  knots $  the  spill  rates  varying  from 
,02  gallon  por  minute  to  well  over  4  gallons  per  minute.  The  oil  types  in  - 
eluded  No,  2  fuel  oil,  9250  oil,  No,  6  fuel,  light  crude  oil,  heavy  crude  oil 
gasoline,  and  mixtures  of  heavy  crude  and  gasoline.  In  addition  to  the  con¬ 
trolled  spills,  a  static  test  was  conducted  wherein  river  mud  was  pumped  over¬ 
board  to  determine  if  any  visual  or  sensor  similarities  existed  between  it  and 
oil.  During  all  spills  surface  photo  coverage  and  slick  thickness  measurements 
were  conducted  by  the  Coast  Guard  from  a  210'  cutter  and  an  82'  Coast  Guard 
vessel.  Photographs  were  also  taken  from  a  Coast  Guard  heliocopter  in  the 

• 

immediate  area  of  the  cutter.  All  multisensor  measurements  were  made  from  the 
ship’s  stern  with  the  aircraft  returning  after  each  run  to  that  oil  slick 
farthest  away  from  the  cutter  which  was  detectible  by  the  operator,  either 
visually  or  by  the  sensors.  This  limitation  turned  out  to  be  visual  to  the 
DC-3  multisensor  aircraft  pilot  as  it  was  necessary  for  him  to  align  the  single 
beam  microwave  sensors  over  the  slick.  It  was  seldom  possible  to  fly  the  air¬ 
craft  by  the  single  beam  sensor  output,  as  the  beam  was  aimed  approximately  50° 
from  nadir  behind  the  aircraft. 

In  order  to  maintain  a  thousand  foot  spacing  between  the  DC-3  multisensor 
aircraft  and  the  heliocopter,  the  DC-3's  altitude  was  fixed  at  2,000  feet. 

This  altitude  was  considered  a  minimum  for  the  lowest  frequency  microwave  sen¬ 
sor  to  assure  that  the  antenna  sampling  was  large  enough  to  eliminate  the  effects 
of  individual  waves  upon  the  radiometric  response.  Higher  alittudes  were  not 


considered  as  the  resolution  of  the  photographic  data  would  be  impaired.  Con¬ 
sequently,  the  high  frequency  microwave  data  were  difficult  to  analyze  because 
the  antenna  sampling  size  was  small  enough  that  individual  wave  effects  and 
aircraft  motion  biased  the  data  received.  The  measurements  were  conducted 
over  a  seven-day  period  with  only  one  day  of  downtime  because  of  weather. 
Operations  were  shortened  during  one  day  because  of  poor  visibility. 
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III.  TEST  DETAILS  AND  ANALYSIS 


All  radiometer,  scanner  and  photographic  data  were  taken  from  a  single 
DC-3  aircraft.  A  crew  of  six  was  required  to  operate  the  aircraft  and  equip¬ 
ment,  The  crew  included  an  experiment  coordinator,  a  radiometer  operator,  a 
scanner  operator,  a  photographer,  a  pilot,  and  a  co-pilot.  The  scanner  and 
cameras  were  pointed  at  nadir,  while  the  radiometers  were  looking  i£>°  from 
nadir  behind  the  aircraft.  An  angle  of  50°  was  the  desired  nadir  angle,  but  at 
120  knots  aircraft  speed  the  pilot  could  not  hold  the  plane  exactly  horizontal. 

As  46°  could  be  maintained  relatively  constant,  this  angle  was  accepted  as  an 
alternate.  The  flight  plan  for  taking  data  was  to  fly  toward  the  ship  from  the 
fartherest  visible  oil  spill.  After  passing  over  the  ship,  the  course  was  re¬ 
versed  until  oil  again  could  not  be  detected  with  a  microwave  radiometer  or  a 
scanner. 

The  original  intent  was  to  fly  in  an  "S"  pattern  over  the  oil  to  determine 
the  minimum  detection  point.  This  method  of  return  was  found  to  be  unsatisfac¬ 
tory  because  aricraft  motion  was  too  great  without  long  approaches.  Thus,  after 
the  first  day  a  different  approach  was  used;  namely,  to  fly  directly  back  down 
the  ship's  course  following  the  oil  spill  visually  as  far  as  possible,  maintain¬ 
ing  a  constant  heading  until  the  signal  was  lost  with  the  microwave  and  infrared 
radiometers.  Data  was  taken  on  the  return  flights  with  the  microwave  radiometers 
which  enabled  comparison  to  be  made  of  up-wind,  down-wind,  and  cross-wind  infor¬ 
mation.  Minimal  microwave  data  were  obtained  the  first  day  as  the  shipboard  rad¬ 
ar  or  communication  equipment  and  the  boresight  camera  created  considerable  inter 
ference.  The  "Xn  band  radiometer  was  particularly  sensitive  to  interference 
when  the  aircraft  was  within  one  or  two  oil  spills  of  the  ship.  The  source  of 
the  interference  has  not  been  discovered  to  date,  because  all  radars  were  turned 
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off  and  communications  held  to  a  minimum  on  the  Coast  Guard  cutter.  It  is  ex¬ 
pected  that  other  on-board  interference  associated  with  the  operation  of  the 
ship  was  the  source  of  the  interference.  The  first  day's  runs  were  short  in 
duration  as  the  light  oil  dispersed  rapidly  on  the  water's  surface  staking  it 
difficult  for  the  pilot  to  fly  a  reverse  course.  While  the  first  day's  data 
were  limited  the  operations  were  extremely  valuable  in  training  for  the  follow¬ 
ing  day's  measurements-.  Throughout  the  entire  data  flights,  a  log  was  kept  on 
board  the  aircraft  of  each  run,  containing  positional  data  and  miscellaneous 
observations.  The  log  run  numbers  are  not  related  in  number  to  the  oil  dumps. 
However,  the  dumps  which  were  overflown,  and  the  times  at  which  they  were  over¬ 
flown  on  each  aircraft  pass,  were  recorded.  The  flight-run  numbers  were  re¬ 
corded  on  the  left  margin  of  the  flight  data  sheets  between  the  stop  and  start 
indicators.  The  return  flight  was  given  the  same  number  as  the  previous  run 
with  an  "R? ,  This  departure  from  the  planned- approach  of  one  run  per  oil  spill 
was  required  because  oil  spills  were  detected  at  such  long  ranges  from  the  ship 
that  more  than  one  spill  was  completed  before  the  aircraft  could  pass  over  the 
ship  again.  This  departure  from  the  experiment  plan  did  not  create  difficul¬ 
ties  in  the  data  analysis,  since  the  times  were  synchronized  with  that  of  the 
ship,  and,  when  possible,  the  time  and  footage  readings  on  the  tape  recorders 
were  noted  in  the  aircraft  log  each  time  a  new  test  came  within  the  beam  of 
the  radiometer.  In  a  similar  maimer  the  camera  operator  recorded  the  frame 
numbers  and  the  time  at  which  photographic  coverage  was  started  on  each  run, 
and  the  time  when  an  oil  spill  was  overflown.  Since  the  aircraft  speed  and 
altitude  remained  constant  throughout  the  entire  run,  the  optical  data  and  the 
microwave  data  could  be  readily  correlated  within  the  accuracy  required.  The 
major  difficulties  encountered  in  collecting  both  the  optical  data  and  the 
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microwave  data  from  the  same  aircraft  resulted  on  those  days  in  which  the  winds 
were  high  and  the  spills  were  made  cross-wind.  On  those  days  the  aircraft  had 
to  fly  with  a  crab  angle  to  maintain  its  course.  As  a  result,  when  the  cam¬ 
eras  were  directly  over  the  oil  spills  the  microwave  radiometer  antennas  were 
looking  at  an  angle  to  the  side  by  several  hundred  feet.  This  problem  was 
overcome  by  the  coordinator  visually  sighting  down  the  radiometer  antennas  and 
directing  the  aircraft's  flight  from  that  position.  In  general,  crab  angles 
were  such  that  optical  and  microwave  data  could  be  obtained  simultaneously  in 
this  manner.  The  major  difficulty  with  this  approach  was  that  the  pilot  could 
not  visually  fly  the  spills  and  anticipate  changes  in  spill  direction,  as  his 
headings  were  based  on  a  reference  point  approximately  2,000  feet  behind  the  air¬ 
craft.  Because  of  this  difficulty,  future  tests  should  consider  the  possibility 
of  using  two  separate  aircraft  or  multibeam  radiometers  with  fields  of  view  sim¬ 
ilar  to  that  of  the  cameras. 

A  typed  copy  of  the  flight  log  is  included  in  the  appendix  as  the  reference 
for  any  future  data  reduction.  The  spill  numbers  are  indicated  in  the  lined 
columns  with  the  aircraft  run  numbers  indicated  on  the  far  edge  of  the  paper 
and  marked  by  a  check  in  the  Start  and  Stop  columns.  Data  correlation  logs  and 
data  analysis  logs  have  also  been  included  in  the  appendix.  In  the  data  analysis 
discussions  which  follow,  the  aircraft  runs  will  not  be  referred  to  and  dis¬ 
cussions  will  be  made  only  on  a  test  or  spill  number.  In  this  manner  all  sensor 
data  aboard  the  aircraft  can  be  easily  correlated  with  data  acquired  by  ship¬ 
board  sensors. 

An  analysis  of  each  spill  on  each  aircraft  run  has  been  made  for  spread 
rate  and  detection  capabilities.  The  results  of  this  analysis  have  been  recorded 
in  tabular  form  in  the  appendix.  A  full  discussion  of  each  spill  is  not  made 
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within  this  text,  as  it  would  be  too  lengthy.  However,  representative  samplings 
of  spills  at  five  flow  rates  are  selected  and  discussed  for  each  sensor  herein. 

In  certain  instances,  where  other  significant  information  was  deemed  important 
in  the  overall  analysis,  the  discussion  also  covers  those  spills  in  a  subsequent 
section.  A  matrix  of  those  spills  selected  for  analysis  is  presented  in  Table  1. 


Oil 

Type 

Ship 

Speed 

0.05  GPM 

0.1  GPM 

Flow  Rates 
0.5  GPM  1 

.0  GPM 

60  Liter/Mile 

No.  2 

14  Kt 

- 

9 

7 

6 

- 

-  - 

- - - 

. —  - 

— 

---  ■ 

9250 

14 

21 

20 

18* 

17* 

- 

No.  6 

14 

35 

86 

87 

88 

90 

Light 

Crude 

10 

36 

35 

33 

31 

39 

Light 

Crude 

14 

43 

47 

45 

43 

40 

Light 

Crude 

17 

- 

49 

51 

52 

56 

Heavy 

Crude 

14 

64 

65 

67 

68 

93 

*15  and  14  substituted  at  17  knots  in  the  following  discussion. 


Taole  1  -  Oil  Spills  Selected  for  Analysis 

A  table  preceding  the  photographs  lists  the  spills  according  to  oil  type. 

The  igure  numbers  for  the  tests  discussed  are  listed  in  that  table. 

In  the  analysis  which  follows,  the  prime  considerations  are  the  capabilities 
of  the  sensors  to  establish  the  type  of  oil  and  the  flow  rate,  and  to  determine 
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minimum  detection  capabilities  of  the  sensors.  The  capability  of  each  sensor 
in  meeting  these  goals  is  discussed  separately  and  a  comparative  summary  follows 
the  discussion  of  each  sensor. 

A.  MULTISPECTRAL  PHOTOGRAPHY 

Multispectral  photographs  were  taken  simultaneously  with  a  4-lens  camera. 

The  4-lens  camera  is  a  modified  K— 24  aerial  camera  equipped  with  four  Schneider— 
Kreuzrach  Xenar  1:3.5/100  lenses.  The  shutter  speed  was  1/450  second  at  f.5.6 
on  all  lenses  except  the  18A  (UV)  filter,  which  was  f.4.  The  single  lens  field 
of  view  was  1220  feet  at  an  aircraft  altitude  of  2,000  feet.  Kodak  Tri-X  Aerecon 
film  f2403  was  used  in  the  4-lens  camera.  Filters  provided  images  in  the  ultra¬ 
violet  and  short  wavelength  visible  portion  of  the  spectrum.  A  0.5  to  0.6  micron 
filter  was  used  to  provide  conventional  black  and  white  photographs  from  the 
middle  portion  of  the  visible  spectrum.  The  remaining  filters  covered  the  0.32 
to  0.50  micron  region  in  the  0.39  to  0.50,  0.32  to  0.48,  and  0.36  to  0.40  micron 
bands . 

During  the  first  day  of  tests  the  film  drive  motor  for  the  4-lens  camera 
failed,  requiring  the  operator  to  use  the  manual  hand  crank  throughout  all  but 
the  last  two  days  of  operation.  The  use  of  the  manual  film  advance  did  not 
appreciably  degrade  the  quality  or  quantity  of  multispectral  data.  Data  are 
sparse  however,  for  the  No.  2  fuel  oil  spills  which  took  place  on  the  first  day 
of  tests. 

The  data  presented  herein  will  be  discussed  on  the  basis  of  spill  rate  and 
oil  type.  A  subsequent  section  will  describe  the  effects  of  dispersion  on  de¬ 
tectability  through  a  sequence  of  photographs  of  the  same  oil  slick  over  an 
extended  period  of  time. 
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The  raultispectral  photographs  reading  from  top  to  the  right  in  the  4-frame 
photo  are  for  filters  of  0.39  to  0.50m,  0.32  to  0.48m,  0.5  to  0.6m,  and  0.36  to 
0 . 40u ,  as  shown  in  Figure  1.  All  figures  are  for  a  ship  speed  of  14  knots  un¬ 
less  otherwise  noted. 


0.39  to  {  0.32  to 
0.54m-  I  0.48m 

0.5  to  j  0.36  to 

0.6m  j  0 . 40m 


Figurel-  Location  of  Spectral  Bands  on  4-Lens  Photographs 


Flow  Rate — 0.05  GPM  (Gallons  per  Minute) 

The  detection  of  oil  spilled  at  0.05  GPM  is  questionable  for  all  pollutant 
types  except  heavy  crude  oil.  Figures  2A  and  2B  are  photographs  of  No.  6  fuel 
oil  and  light  crude  oil  (ship  speed  -  10  knots)  respectively.  Although  no  oil 
appears  in  the  photographs,  it  is  assumed  that  the  aircraft  was  over  the  oil 
slick  and  the  oils  were  not  detectable.  As  seen  in  Figure  3A,  heavy  crude  oil 
at  a  spill  rate  of  0.05  GPM  is  detectable  in  the  ultraviolet  bands  as  a  narrow 
irregular  light  streak  across  the  center  of  the  photographs.  In  the  0.5  to 
0.6m  portion  of  the  spectrum  the  oil  slick  is  not  apparent. 

Flow  Rate — 0.1  GPM 

The  detection  threshold  for  oils  at  a  spill  rate  of  0.1  GPM  is  apparent 
for  both  refined  and  crude  oils.  Figure  3B  shows  the  marginal  detectability  of 
No.  6  fuel  oil  eight  (8)  minutes  after  initiation  of  the  spill.  Note  light¬ 
er  irregular  slick  in  lower  right  of  0.36  to  0.40m  photo.  In  the  0.32  to  0.48  m 
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band  the  detection  is  marginal  and  the  oil  is  not  apparent  in  the  0.39  to  0.5 
or  0.5  to  0.6y,  bands.  Both  light  and  heavy  crude  oil  slicks  show  up  well  in 
the  shorter  wavelength  photographs,  Figures  4A  and  4B.  The  heavy  crude  shows  ; 
a  better  contrast  than  the  light  crude,  and  can  be  discerned  in  the  photo¬ 
graphs  using  the  visible  portion  of  the  spectrum.  The  intensity  of  contrast  of 
the  heavy  oil  in  the  ultraviolet  region  is  higher  but  it  is  also  interesting 
to  note  the  effects  of  sun  glitter  in  Figures  4A  and  4B.  The  photograph  of 
the  light  crude  oil  slick  (Figure  4A)  was  made  at  1430,  while  the  heavy  crude 
was  flown  at  1139.  Sun  glitter  appreciably  detracts  from  rapid  identification 
of  the  presence  of  oil.  A  further  fact  to  be  noted  is  that  crude  oils  appear 
to  be  more  easily  detected. 

Flow  Rate— 0.5  GPM 

All  pollutants  overflown  with  the  4-lens  camera  were  detectable  at  a  spill 
rate  of  0.5  GPM.  Figure  5A  shows  9250  lubricant  oil  during  spillage;  note  white 
water  of  wake  in  left  center  portion  of  photographs.  Only  the  0.36  to  0.40u 
band  photograph  shows  presence  of  oil.  The  effects  of  wake  action  on  positive 
identification  of  oil  spillage  is  displayed  in  this  photograph.  A  No.  6  fuel 
oil  slick  (Figure  5B)  is  readily  apparent  in  all  of  the  short  wavelength  photo¬ 
graphs  as  a  lighter  irregular  ribbon  in  the  center  portion.  In  the  visible 
portion  of  the  spectrum  the  presence  of  oil  on  the  water  surface  is  indicated 
by  the  absence  of  sun  glitter.  The  use  of  the  absence  of  sun  glitter  as  a 
method  of  oil  slick  detection  leaves  much  to  be  desired  and  gives  no  indication 
of  the  type  or  thickness  of  the  oil. 

The  presence  of  pollution  by  light  crude  oil  with  ship  speeds  of  10,  14, 
and  17  knots  is  presented  in  Figures  6A,  6B,  and  7A.  The  slick  formed  at  the 
slowest  speed  (Figure  6A)  is  readily  apparent  in  the  short  wavelength  photographs. 
Here,  again,  the  slick  is  vaguely  discernable  as  a  decrease  in  sun  glitter  due 
to  suppresion  of  surface  roughness.  The  presence  of  oil  in  Figure  6B  is  seen 
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as  a  vary  narrow  light  streak  across  Idle  center  of  the  photographs  for  the 
short  wavelengths.  The  presence  of  oil  is  not  apparent  in  the  photograph  using 
the  visible  portion  of  the  spectrum.  With  a  ship  speed  of  17  knots,  the  light 
crude  oil  (Figure  7A)  appears  as  an  irregular  mass  in  the  center  of  the  ahort 
wavelength  visible  and  ultraviolet  photographs. 

The  presence  of  oil  cannot  be  distinguished  in  the  0.5  to  0.6u  band  due  to 
under  exposure.  The  presence  of  a  heavy  crude  oil  slick  is  readily  apparent 
in  Figure  7B.  All  wavelengths  of  investigation  indicate  the  presence  of  oil, 
however,  the  shorter  wavelengths  produce  much  greater  contrast. 

At  a  spill  rate  of  0.5  GPM  it  again  appears  that  heavier  oils  (lower  API 
Gravity)  are  more  easily  detected  than  light  weight  oils.  The  sequence  of  pho¬ 
tographs  at  a  spill  rate  of  0.5  GPM  also  indicates  that  refined  petroleum  pro¬ 
ducts  are  as  readily  detected  as  equivalent  gravity  crude  oils. 

Flow  Rate — 1  GPM 

With  a  spill  rate  of  1  GPM  all  oil  types  overflown  were  readily  detected. 

The  9250  lubricating  oil  was  detected  immediatley  after  spillage  as  shown  in 
Figure  8A.  The  high  viscosity  oil  remained  as  a  narrow  irregular  slick  appar¬ 
ent  in  the  short  wavelength  visible  ami  ultraviolet  bands  with  a  lighter  appear¬ 
ance  than  the  surrounding  water  devoid  of  pollution.  The  9250  oil  la  not  appar¬ 
ent  in  the  0.5  to  0.6w  band. 

Number  6  fuel  oil  was  detected  through  clouds  20  minutes  after  initiation 
of  the  spill.  The  slick  is  characterised  by  wind  streaking  and  is  best  seen 
in  the  0.36  to  0.40u  band  (Figure  8B).  The  0.39  to  0.5i±  and  0.32  to  0.4&U 
band  also  show  the  oil,  but  the  contrast  is  somewhat  reduced.  The  visible  por¬ 
tion  of  the  spectrum  does  not  deteot  the  oil  sliok. 

Figures  9A,  96,  and  10A  show  the  detection  of  light  crude  oil  at  ship 
speeds  of  10,  14,  end  17  knots  respectively.  In  all  cases  the  shorter  wavelength 
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bands  produce  the  best  detection  mechanism  of  the  4-1  ens  camera*  Figure  9A 
shows  the  effects  of  wind  s '.reeking,  while  Figure  9B  shows  a  narrow  ill— defined 
slick  which  appears  lighter  than  the  surrounding  water.  The  effects  of  spread¬ 
ing  are  shown  in  Figure  10A,  where  the  slick  occupies  the  upper  two-thirds  of 
the  photographs  and  is  apparent  as  a  mottled  light  mass  with  areas  of  varying 
oil  thicknesses.  Note  there  is  also  a  suppression  of  sea  surface  roughness  and 
a  decrease  in  sun  glitter  in  the  area  covered  by  oil. 

Heavy  crude  oil  at  a  1  GPM  spill  rate  is  readily  apparent  in  Figure  1C®, 

13  minutes  after  initiation  of  the  spill.  The  average  width  of  the  slick  is 
300  feet.  All  wavelengths  of  investigation  show  the  presence  of  oil,  however, 
the  shorter  wavelengths  show  better  contrast.  It  appears  that  thicker  oil  is 
present  at  the  periphery  of  the  slick  because  of  the  higher  intensity  response 
along  the  edges. 

Flow  Rate — 60  liters/mile 

All  oil  types  investigated  were  detectable  at  a  spill  rate  of  60  liters/ 
mile.  No.  2  fuel  oil  and  9250  lubricant  were  not  spilled  at  a  flow  rate  equiv¬ 
alent  to  60  liters/mile.  Figure  I1A  shows  the  presence  of  No.  6  fuel  oil  as  a 
light  hazy  slick  in  the  right  center  of  the  photographs  for  the  short  wavelength 
bands.  The  oil  slick  can  be  distinguished  from  clouds  by  comparing  the  ultra¬ 
violet  frames  with  the  0.5  to  0.6u  frame  (lower  left)  where  the  oil  slick  does 
not  appear  light  and  hazy. 

Light  crude  oil  slicks  are  shown  in  Figures  11B,  12A,  and  12B.  With  ship 
speeds  of  10  and  14  knots  the  slicks  have  similar  appearances  in  the  short 
wavelengths  of  investigation  and  are  not  apparent  in  the  0.5  to  0.6u  region. 
Slight  variations  in  the  thickness  of  the  slicks  is  apparent  in  Figure  1 1B  and 
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'2A  as  darker  streaks  with  their  long  ad.  parallel  to  the  long  ads  of  the 
slick.  Similarities  In  the  appearance  of  the  two  slloks  Is  because  they  wore 
formed  In  succession  (Spills  39  and  40)  and  all  conditions,  such  as  glitter, 
roughness,  etc.,  were  the  same. 

In  contrast  to  the  uniform  well-defined  boundaries  of  the  10  and  14  knot 
light  crude  oil  spills,  the  17-knot  spill  the  following  day  shows  irregular 
boundaries  and  mottled  appearance,  (Figure  12B).  Here,  again,  positive  detec¬ 
tion  is  limited  to  the  0.39  to  0.5u,  0.32  to  0.48^,  and  0.36  to  0.4Dp,  bands. 

A  slight  indication  of  oil  is  apparent  in  the  0.5  to  0.6*  portion  of  the  spectrum 
but  positive  identification  is  marginal. 

Heavy  crude  at  a  spill  rate  of  60  liters/mile  appears  as  dark  accumulations 
when  thick,  Figure  13A,  and  thin  lighter  streaks  due  to  dispersion  by  wind 
action.  This  particular  frame  was  taken  .21  minutes  after  initiation  of  the 
spill.  The  oil  slick  is  most  pronounced  in  the  short  wavelength  visible  and 
ultraviolet  bands,  (right  center  of  photograph).  In  the  0.5  to  0.6*  band  the 
presence  of  oil  is  not  apparent. 

Effects  of  Wind  Direction  Perpendicular  to  Long  Aria  of  Oil  Slick 

To  determine  the  effects  of  wind  on  the  dispersion  of  oil,  a  sequence  of 
multispectral  photographs  showing  the  dispersion  of  light  crude  oil  over  a 
period  of  90  minutes  are  presented  in  rigures  13B,  14A,  14B,  and  15A.  Figure 
13B  shows  the  light  crude  oil  slick  shortly  after  initiation  of  the  spill  at 
0959  hours.  Compare  Figure  14A  with  13B  and  note  that  the  width  of  the  thick¬ 
est  accumulation  of  oil  has  not  appreciably  changed.  The  time  elapsed  between 
Figures  1 3B  and  14A  was  8  minutes.  The  significant  difference  between  Figures 
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1 3B  and  14A  is  the  development  of  the  linear  features  extending  down  from  the 
light  colored  oil  slick  in  Figure  14A. 

Jn  Figure  14B  the  oil  has  been  on  the  water  for  38  minutes.  The  slick  is 
discernable  in  the  upper  portion  of  the  photographs  in  all  wavelengths  of  inves¬ 
tigation,  except  the  0.5  to  0.6p  portion  of  the  spectrum.  The  linear  features 
of  alternating  light  and  dark  bands  extend  downward  from  the  slick  through 
the  entire  photograph. 

The  last  photograph  of  the  sequence,  Figure  15A,  shows  the  presence  of  a 
thin  film  of  oil  in  the  upper  two-thirds  of  the  0.39  to  0.5n,  0.32  to  0.48n, 
and  0.36  to  O.41  bands.  Note  the  presence  of  the  linear  streaks  which  are 
most  apparent  in  the  right  half  of  the  slick.  At  the  time  of  this  photograph 
the  oil  slick  had  been  on  the  water  for  one  hour  and  30  minutes;  the  width  of 
the  slick  is  indeterminable  but  is  greater  than  1000  feet. 

Sequence  Photographs  of  Selected  Oil  Slicks 

The  rates  of  dispersion  of  No.  6  fuel  oil,  light  crude,  and  heavy  crude 
oils  with  varying  rates  of  spillage  will  be  discussed  in  the  following  section. 
An  oil  slick  of  heavy  crude  oil  at  a  rate  of  0.1  GFM  and  a  ship  speed  of  14 
knots  is  presented  in  Figure  15B,  twelve  (12)  minutes  after  initiation  of  the 
spill.  The  slick  is  well-defined  and  has  a  total  width  of  375  feet  with  a 
concentration  of  thicker  oil  on  the  upper  edge  approximately  40  feet  in  width. 
Figure  16A  shows  the  characteristics  of  the  slick  23  minutes  after  initiation 
of  the  spill.  The  width  of  the  slick  has  not  changed  from  those  recorded  in 
previous  overflight  11  munutes  earlier.  The  thicker,  lighter  portion  of  the 
slick  appears  to  be  slightly  wider  and  the  contact  is  more  irregular.  The 
lower  boundary  of  the  slick  is  less  well-defined  when  compared  with  Figure  15B. 


15 


It  is  also  interesting  to  note  the  presence  of  a  vide  oil  slick  of  unknown 
origin  running  perpendicular  to  the  slick  under  investigation  in  Figure  16A. 
Observers  on  board  the  spill  vessel  recorded  crossing  an  unidentified  oil  slick 
during  spillage  of  slicks  65  and  66.  The  presence  of  both  slicks  can  be  deter¬ 
mined,  and  it  does  not  appear  that  the  detection  of  the  later  slick  is  degraded 
by  the  presence  of  older  oil  on  the  sea  surface. 

At  a  spill  rate  of  0.5  GPM  a  heavy  crude  oil  slick  vas  overflown  five (5) 
separate  times  during  an  89-minute  interval.  The  dispersion  rates  and  slick 
characteristics  are  described  in  Table  2. 

The  presence  of  oil  is  apparent  throughout  the  entire  interval,  however, 
the  width  dimension  became  approximate  due  to  thinning  of  the  oil  slick  by  the 
action  of  wind.  The  boundary  on  the  windward  side  of  the  slick  remains  sharp 
after  one  hour  on  the  water  surface.  Figures  16B,  17A,  17B,  and  18A  and  B  are 
representative  photographs  shoving  the  dispersion  detection  characteristics  over 
an  89-minute  period. 

Dispersion  characteristics  of  heavy  crude  oil  spilled  at  a  rate  of  2.6  GPM 
are  similar  to  the  0.5  GPM  rate.  It  appears  that  with  higher  spill  rates  the 
oil  tends  to  remain  coalesced  for  longer  periods  of  time.  Figure  19A  shows  the 
hea*;y  crude  oil  slick  (rate  =2.6  GPM)  18  minutes  after  initiation  of  the  spill. 
Note  the  distinct  boundaries  and  high  contrast  of  the  slick;  average  width  of 
the  slick  in  Figure  19A  is  375  feet.  After  the  oil  has  been  on  the  water  for 
4?  minutes  the  width  had  increased  to  only  400  feet,  and  the  oil/water  boundaries 
are  not  as  ^ell  defined,  Figure  19B. 

The  slick  formed  at  the  2.6  GPM  spill  rate  retained  its  complete  coverage 
without  breaking  up  after  66  minutes  on  the  water,  Figure  20A.  (Note  that  the 
width  dimension  has  not  appreciably  increased.)  Compared  with  the  0.5  GPM 
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spill  rate  slick  (Figure  18A)  it  is  noted  that  oil  slicks  formed  at  higher  spill 
rates  tend  to  remain  coalesced  for  longer  periods.  This  however  is  dependent 
upon  the  wind  and  sea  conditions. 

A  No.  6  fuel  oil  slick  at  a  spill  rate  of  3.96  GPM  was  overflown  four  times 
from  initiation  of  the  spill  through  an  interval  of  57  minutes.  Figure  SOB  shows 
spilling  of  the  oil.  Identification  of  oil  is  marginal  due  to  presence  of  dis¬ 
turbed  water  in  the  wake  and  clouds.  However,  a  dark  streak  in  the  center  of 
the  white  water  appears  to  bo  oil.  In  the  following  photograph  (Figure  21A)  the 
presence  of  oil  is  apparent  at  all  wavelengths  of  investigation.  The  oil  slick 
has  not  dispersed  appreciably  during  the  17  minutes  since  initiation  of  the  spill. 
Thirty-five  minutes  after  spilling  the  oil  slick  remained  thick  and  narrow 
(maximum  width  =  125  feet).  High  reflectance  in  all  wavelengths  of  investigation 
indicates  the  presence  of  oil,  Figure  21B.  The  upper  portion  of  the  photograph 
indicates  the  presence  of  thin  wind-streaked  oil  (Note  the  light  semi-opaque 
steeaks  in  upper  left,  transversing  obliquely  across  photo.)  in  the  0.32  to 
0.43u.  and  0.36  to  0.40p  bands. 

Light  crude  oil  spilled  at  4.57  GPM  (Spill  56)  was  initiated  at  0935. 

Weather  and  sea  conditions  were  reported  at  0830  as  wind  out  of  the  NE  at  4 
knots  and  the  sea  calm.  Figure  22B  shows  the  slick  conditions  six  minutes  after 
initiation  of  the  spill.  Boundaries  are  very  irregular  and  the  width  varies 
from  a  maximum  of  460  feet  to  a  miniuum  of  250  feet.  The  oil  is  irregularly 
distributed  in  the  slick  with  a  wide  range  of  thicknesses  apparent.  Some  areas 
within  the  slick  appear  to  be  devoid  of  oil  or  are  covered  by  very  thin  films. 
The  variation  in  thickness  causes  the  slick  to  have  a  mottled  appearance  in  the 
short  wavelength  visible  and  ultraviolet  bands.  Detection  of  the  slick  with 
the  0.5  to  0.6u  band  is  questionable. 
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After  27  minutes  the  slick  had  dispersed  to  a  width  ranging  from  375  feet  to 
625  feet,  Figure  23A.  The  contacts  of  the  slick  are  not  as  sharp  as  the  pre¬ 
vious  photograph.  The  mottled  appearance  remains  dominant  with  areas  of  thin 
oil  becoming  slightly  larger,  which  is  consistent  with  the  increase  in  width. 

Spill  56  appeared  hazy  and  mottled  after  65  minutes  on  the  water,  Figure  23B. 
Boundaries  are  vague  but  still  diseernable  in  the  0.39  to  0.5u,  0.32  to  0.48u, 
and  0.36  to  0.40y.  bands.  Width  of  the  slick  had  increased  to  approximately  650 
feet.  The  only  significant  distinguishing  feature  for  the  differentiation  of 
a  light  and  heavy  crude  oil  appears  to  be  the  mottled  appearance,  however,  the 
mottled  appearance  may  also  be  due  to  faster  ship  speeds. 

To  compare  the  effects  of  dispersion  for  light  crude  oil  a  1.1 4  GFM  spill 
rate  (Spill  53)  was  monitored  through  a  sequence  of  overflights  which  obtained 
data  on  the  oil  after  the  slick  had  been  on  the  water  for  91  minutes.  After  31 
minutes  the  slick  has  an  average  width  of  500  feet.  Figure  24A.  Boundaries 
were  irregular  and  the  leeward  boundary  was  less  distinct  than  the  windward. 
Characteristics  of  the  slick  did  not  change  appreciably  during  the  23  minutes 
which  elapsed  between  Figures  24A  and  24B.  In  Figure  24B  the  width  increased 
to  greater  than  875  feet,  but  the  boundary  conditions  were  similar  to  those 
of  the  previous  photograph. 

After  91  minutes  on  the  water  surface  (Figure  25A)  only  the  thicker  oil 
which  was  on  the  windward  side  of  the  slick  was  diseernable.  There  is,  how¬ 
ever,  a  slight  indication  of  the  presence  of  a  thin  oil  film  in  the  upper 
portion  of  the  photograph  which  causes  a  minor  decrease  in  sun  glitter.  Con¬ 
ditions  for  using  suppression  of  sea  state  and  associated  decrease  in  sun 
glitter  are  not  the  best  in  Figure  25A,  since  the  reflection  is  highest  in 
the  lower  part  of  the  photograph. 
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CONCLUSIONS 


In  the  bands  used  for  photographic  imagery  with  the  4-lena  camera,  the 
0.36  to  0.40m.  band  is  the  most  useful  for  detection  of  oil  on  the  sea  surface. 
Heavy  crude  oil  spilled  at  a  rate  of  0.05  GPM  was  detected  with  the  short 
wavelength  bands.  At  spill  rates  of  0.1  GPM  and  greater  all  oil  types  inves¬ 
tigated  were  detectable  with  the  0.36  to  0.40m-  band.  The  0.39  to  0.50m  and 
0.32  to  0.48m  bands  indicate  the  presence  of  oil  at  the  higher  spill  rates 
but  the  contrast  between  oil  and  water  devoid  of  oil  is  more  pronounced  in  the 
0.36  to  0.40m  band. 

Crude  oils  appear  to  be  more  easily  detected  than  refined  petroleum  pro¬ 
ducts,  however,  this  may  be  due  to  the  time  of  day  and  different  sea  conditions 
which  existed  during  the  formation  of  the  slicks.  For  a  comparison  of  the 
threshold  of  detectability  of  refined  and  crude  oils  the  slicks  must  be  observed 
during  the  same  time  of  day  under  similar  sea  conditions. 

B.  VISUAL  COLOR  AND  INFRARED  COLOR  CAMERAS 

Simultaneous  70  mm  color  photos  were  made  of  the  oil  spills  directly  below 
the  aircraft.  The  camera  is  a  modified  K-24  aerial  camera  equipped  with  Schneider 
Kreuznach  Super-Angulon  1:5.6/47  lenses.  The  shutter  speed  on  the  camera  was 
1/450  second  with  lens  settings  of  f.8.  Kodak  Ektachrome  Infrared  Aero  film 
(type  8443)  and  Ektachrome  MS  Aerographic  film  (type  2448)  were  used  to  produce 
infrared  images  and  conventional  color  photography,  respectively.  Exposure 
settings  were  difficult  because  of  the  sun  angle  and  reflections,  but  in  most 
cases  exposure  did  not  mask  the  detection  of  oil  as  contrasts  were  perceptable. 
Coverage  of  the  second  and  third  day  spills  was  not  obtained  because  of  a  broken 
shutter. 
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Both  visual  and  IR  color  are  discussed  simultaneously  in  thi3  section  as 
the  results  are  similar .  Unless  differences  are  noted,  the  discussion  herein 
applies  to  both  types  of  color  film.  Evaluation  of  the  color  film  will  first 
be  made  on  selected  14  knot  runs  at  specified  flow  rates.  When  photos  were  not 
available  of  the  selected  spills,  similar  spills  have  been  substituted  wnd  noted. 
Additional  photos  of  the  same  spills  later  in  time  have  been  included  in  this 
discussion  for  spread  rate  evaluation.  Photos  of  the  spills  to  be  discussed  are 
shown  in  Figure  26  through  39  which  have  been  arranged  by  fuel  types  to  show  com¬ 
parisons  by  spill  rate.  It  was  felt  to  be  more  convenient  to  discuss  the  oil  by 
flow  rates,  thus  the  discussion  will  refer  to  figure  number,  spill  number,  and 
photo  number.  In  this  manner  both  visual  comparison  at  different  rates  for  one 
oil  type  can  be  made  simultaneously  with  comparisons  between  oils. 

Whenever  possible  the  same  spills  evaluated  as  to  flow  rate  detection  will 
be  discussed  also  as  to  spread  rate.  In  addition,  other  spills  will  be  evaluated 
if  it  ia  felt  that  significant  data  can  be  presented.  If  the  spill  was  only  vis¬ 
ible  on  one  pass,  no  further  discussion  is  presented.  In  general,  no  history 
on  #2  fuel  or  9250  oil  could  be  obtained  for  more  than  one  pass.  The  heaviest 
spill  of  9250  oil  of  Spill  14  did  remain  visible  for  3  passes  and  is  the  first 
series  discussed. 

Flow  Rate— 0.05  GPM 

Flow  rates  of  0.05  GPM  or  less  are  extremely  difficult  to  detect  with  the 
visual  and  IR  color.  Number  2  fuel  was  not  visible  at  all  and  9250  oil  was  ques¬ 
tionable.  Occasional  photographs  of  the  9250  oil  show  a  small  area  on  the  water 
surface  which  reflects  light.  Usually  this  area  could  not  be  definitely  identi¬ 
fied  as  the  spill  in  question.  Light  crude  photos  were  not  available  of  the 
0.05  GPM  rate  as  the  test  was  conducted  at  the  time  the  color  camera  was  in- 
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operative.  A  photo  of  heavy  crude  oil  is  shown  in  Photo  823,  of  Figure  29. 

The  oil  appears  as  dark  streaks  on  the  edge  of  the  wake  shortly  after  the  spill 
was  started.  This  dark  discoloration  disappears  rapidly.  The  heavy  crude  mea¬ 
surement  was  made  during  a  period  when  intermittent  cloud  cover  existed  at  al¬ 
titudes  below  the  multi-sensor  aircraft  altitude,  thus  light  conditions  compro¬ 
mised  the  color  exposures. 

Number  6  fuel,  like  heavy  crude,  appears  as  a  narrow  dark  band  in  the  water. 
Figure  27,  Spill  85,  Photo  1245,  was  taken  nearly  30  minutes  after  the  #6  fuel 
was  pimped  in  the  sea.  Earlier  overflights  did  not  show  this  oil,  which  would 
indicate  that  the  fuel  had  not  fully  surfaced  or  that  it  clumped  together  after 
some  aging.  No  dispersion  of  the  oil  is  noted  in  Photo  1245. 

Flow  Rate— 0.1  GPM 

The  minimum  reliable  detection  flow  rate  with  color  photography  under  the 
conditions  flown  is  approximately  0.1  GPM.  Number  2  fuel  at  0.1  GPM  appears  very 
olmllar  in  appearance  to  the  lover  flow  rates  of  #6  fuels.  Time  history  would 
to  required  to  distinguish  the  #2  fuel  at  it  appears  on  the  surface  rapidly  and 

disperses  quickly.  Number  2  fuel  at  0.1  GPM  is  shown  in  Figure  26,  Spill  9, 
Photo  63.  The  oil  shown  in  the  IR  color  of  Photo  63  gives  a  sharper  contrast 
than  the  oil  in  the  visual  color. 

9250  oil  detection  is  still  questionable  ot  0.1  GPM  as  shown  in  Figure  26, 
Spill  20,  photo  160.  Consistent  data  was  not  received  on  9250  oil,  thus  it 
must  be  assumed  that  detection  is  limited. 

Number  6  fuel  as  it  appears  in  Figure  27,  Spill  86,  Photo  1250  is  quite 
easily  detected  at  0.1  GPM  as  dark  thick  appearing  patches  of  oil.  The  spill 
has  been  in  the  water  nearly  20  minutes  at  the  time  Photo  1250  was  taken  and  is 
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noticeably  wider  in  width  than  the  0.05  spill  of  Photo  1245.  Both  visual  and 
IR  color  seem  equally  satisfactory  for  detection  purposes.  Ill-defined  bound¬ 
aries  make  width  determination  difficult. 

Heavy  crude  photos  are  shown  in  Figure  29  on  Spill  65,  Photo  837.  The  oil 
is  readily  detected  on  both  color  films  and  has  been  in  the  water  nearly  32  min¬ 
utes.  It  should  be  noted  that  at  this  flow  rate  heavy  crude  has  a  white  appear¬ 
ance  instead  of  black.  The  spread  of  the  oil  appears  to  be  in  one  direction  dur¬ 
ing  this  spill.  It  is  not  evident  from  the  photo  as  to  whether  the  oil  is  thicker 
on  one  side  and  spreading  in  one  direction  or  if,  instead,  it  is  thicker  on  one 
side  due  to  the  mixing  action  of  the  ships  screw.’.  Heavier  spills  indicate  that 
the  spills  are  uniform  unless  there  are  heavy  cross  winds. 

Flow  Rate— 0.5  GPM 

As  before,  the  # 2  fuel  was  not  detected  with  the  color  photos.  9250  oil 
was  not  detected  at  14  knots  but  earlier  runs  at  17  knots  were  detected  as  shown 
in  Figure  26,  Spill  15,  Photo  106.  The  major  difference  to  note  is  that  the  oil 
in  the  IR  color  shows  greater  contrast  than  the  visual  color.  The  same  contrast 
differential  applies  to  the  #6  fuel  as  shown  in  Figure  27,  Spill  87,  Photo  1254. 
The  #6  fuel  oil  appears  to  spread  more  rapidly  than  does  the  9250  oil. 

The  light  crude  oil  shown  in  Figure  28,  Spill  51,  Photo  659,  is  not  easily 
detected  particularly  in  the  IR  color  photos.  The  oil  had  just  been  spilled  and 
the  film  was  underexposed.  The  color  of  the  light  crude  contrasts  from  the  9250 
oil  and  the  #6  fuel  in  that  the  light  crude  has  a  greyish  cast  instead  of  being 
black. 

Heavy  crude  after  being  in  the  water  a  short  while  (20  minutes)  can  be 
readily  detected  as  shown  in  Figure  29,  Spill  67,  Photo  863.  Spill  67  was  dumped 
with  a  ship  speed  of  17  knots.  Photo  863  shows  that  the  oil  is  thicker  on  the 
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edges  with  most  of  the  oil  being  on  the  edges  of  tne  250  foot  slick.  This  uneven¬ 
ness  is  probably  the  result  of  wake  action,  as  it  does  not  appear  to  be  a  function 
of  wind  direction. 

Flow  Rate— 1 .0  GPM 

Number  2  fuel  was  not  detected  by  the  color  film.  It  is  suspected  that  the 
aircraft  may  not  have  been  over  the  spill  at  that  time  as  lower  rates  were  de¬ 
tected  earlier.  The  14  knot  spill  of  9250  oil  was  not  detectable,  however,  at 
17  knots  black  streaks  over  a  wide  area  were  noted  as  shown  in  Figure  26,  Spill 
14>  Photo  110.  Number  6  fuel  is  easily  detected  at  this  high  a  rate  but  the 
boundaries  are  difficult  to  determine  with  low  sun  angles.  Figure  27,  Spill  88, 
Photo.  1271.  Photos  of  the  light  crude  at  10  and  14  knots  were  not  taken  because 
of  camera  problems,  but  at  17  knots,  Figure  28,  Spill  52,  Photo  637,  shows  light 
crude  after  25  minutes  in  the  water.  In  this  time  duration  the  oil  has  spread 
to  350  feet.  Large  patches  are  shown  which  3 till  have  a  swirl  pattern  but  are 
starting  to  separate.  Some  brown  or  reddish  colors  are  noted  in  the  grey  swirls 
which  are  probably  due  to  thicker  patches  of  oil  on  the  surface.  Heavy  crude 
colors  are  similar  to  light  crude  colors.  The  major  difference  to  be  noted  is 
that  heavy  crude  does  not  spread  as  rapidly  as  light  crude.  The  heavy  oil  does 
spread  quite  rapidly,  however,  as  it  is  250  feet  wide  in  Figure  29,  Spill  68, 
Photo  865,  and  has  only  been  in  the  water  less  than  10  minutes. 

Flow  Rate — 60  liters/mile 

Number  2  fuel  and  9250  oil  were  not  spilled  at  the  60  liters/mile  rate. 

Number  6  fuel  at  3.C  GPM  is  shown  in  Figure  28,  Spill  90,  Photo  1290.  Nunber 
6  fuel  is  a  black  color  and  spreads  slowly.  Differentiating  between  #6  fuel  and 
9250  oil  does  not  appear  to  be  easy  from  the  color  photos;  however,  it  is  readily 
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discernable  from  the  light  and  heavy  crude. 

Light  crude  spill  56  is  showr  in  Figure  28,  Photo  717,  at  4*57  GPM.  The 
high  rate  was  required  to  provide  60  liters/mile  because  the  ship’s  speed  was 
17  knots.  Light  crude  at  the  high  rate  is  easily  detected  in  both  films.  The 
reddish-brown  rust  color  in  the  oil  is  throughout  with  spiral  patterns.  No 
break  up  is  evident  with  the  oil  spreading  300  to  400  feet  after  10  minutes. 

Heavy  crude  at  3.5  GPM  is  shown  in  Figure  30,  Spill  98,  Photo  1450.  This 
particular  spill  of  heavy  crude  appears  different  than  other  heavy  crude  spills. 
The  color  is  black  like  the  #6  fuel.  The  spread  rate  appears  slower  at  first 
although  Photo  1450  was  taken  only  a  few  minutes  after  the  oil  was  spilled. 

Spread  rates  of  heavy  crude  at  other  speeds  will  be  evaluated  later. 

Spread  Rate — 9250 — 1 .0  GPM 

Figure  30,  Photos  95,  99,  and  110  show  Spill  14  on  three  consecutive  passes. 
Photo  99  is  12  minutes  after  Photo  95  and  Photo  110  is  14  minutes  later.  Thus 
the  oil  has  been  spilled  approximately  2,  16,  and  20  minutes,  respectively. 

In  this  period,  the  black  appearing  oil  spread  from  150  to  200  to  300  feet, 
respectively.  The  overall  length  of  the  spill  does  not  noticeably  change.  On 
the  third  pass  the  oil  shows  some  signs  of  breaking  up.  The  detection  duration 
time  could  not  be  evaluated  as  Spill  14  was  dumped  later  in  the  day  and  oper¬ 
ations  were  terminated  before  the  oil  completely  dispersed. 

Spread  Rate — #6  Fuel — 0.15  GPM 

Spill  86  at  0.15  GPM  is  shown  in  Figure  31,  Photos  1250  and  1262.  In  both 
photos  the  boundaries  were  difficult  to  determine.  The  oil  of  Photo  1250  has 
been  in  the  water  20  minutes  and  34  minutes  in  1262,  thus  it  was  starting  to 
break  up  before  spread  rates  could  be  determined.  Previous  photos  were  obscured 
by  clouds.  The  major  difference  between  the  #6  and  9250  to  be  noted  herein  is 
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in  width  only  which  is  related  to  spill  rates.  Both  types  appear  black  on  both 
color  films. 

Spread  Rate— #6  Fuel— 0.52  GPM 

The  next  higher  spill  rate  of  #6  fuel  to  be  compared  ia  shown  in  Figures 
31  and  32,  Photos  1254,  1266,  and  1277.  Photo  1254  shows  the  oil  8  minutes  after 
the  spill  started.  Photo  1266  and  1277  are  considerably  later  by  22  minutes 
and  38  minutes,  respectively.  Widths  were  difficult  to  measure  as  heavy  swells 
and  wind  spread  the  oil  rapidly.  Close  examination  shows  that  the  oil  is  bunched 
in  the  wave  troughs  and  appear  as  black  streaks.  The  major  spill  location  main¬ 
tains  the  densest  concentrations;  however,  the  time  detection  period  of  the  oil 
could  not  be  continued  as  clouds  prevented  visual  tracking  with  the  aircraft. 

It  was  believed  that  this  was  overflown  later  but  identification  could  not  be 
made  without  visual  references. 

Spread  Rate— #6  fuel — 1.16  GPM 

A  higher  rate  of  #6  fuel  spill  rate  at  1.16  GPM  is  shown  In  Figure  ??, 

Photos  1271,  1281,  and  1346.  The  oil  spill  in  the  three  photos  is  approximately 
10  minutes,  26  minutes,  and  60  minutes  later,  respectively.  Cloud  cover  made 
identification  of  this  spill  difficult.  One  run  was  made  between  Photos  1281, 
and  1346  which  could  not  be  identified  by  spill  numbers  because  of  clouds. 

Photo  1271  shows  the  oil  to  be  ack  an  shiny  with  both  edges  not  sharply  de¬ 
fined.  Photo  1231,  although  not  sharply  defined  because  of  the  high  percentage 
of  cloud  cover,  indicates  the  start  of  oil  break  up  and  in  Photo  1346,  the  oil 
appears  only  in  patches.  The  fuel  appears  to  be  only  bunching  and  spreading 
with  little  or  no  sinking  or  deterioration. 
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Spread  Rate — #6  Fuel — 3.67  GPM 

Three  passes  were  made  over  Spill  90  before  operations  were  terminated  for 
the  day.  The  oil  in  Figure  33,  Photo  1290,  has  been  spilled  only  5-6  minutes. 

The  spill  appears  dark  and  is  starting  the  breakup  into  the  wave  troughs.  Photo 
1334  of  Figure  33  shows  how  the  oil  has  spread  20  minutes  after  being  spilled. 

The  major  portion  which  appear1;  shiny  has  spread  to  nearly  400  feet  in  width. 

Close  study  shows  longer  streaks  spreading  out  from  the  major  spill  area.  Photo 
1359  of  Figure  33  was  taken  42  minutes  after  the  spill  was  started.  Heavy  clouds 
made  it  difficult  to  locate  the  center  of  the  spill  as  the  spill  had  broken  into 
patches  which  are  barely  evident  over  the  entire  photo.  IR  color  shows  this 
break  up  the  best  as  shiny  patches. 

Spread  Fate — Light  Crude — 0.5  0PM 

Two  photos  are  shown  in  Figure  33  and  34  for  light  crude  at  0.5  GPM.  In  photo 
659,  the  oil  immediately  after  being  spilled  is  barely  discernable  in  the 
visible  color  film  as  grey  spirals  just  ahead  of  the  chase  boat.  Other  photos 
show  the  oil  as  light  grey  swirls  which  gradually  dispersed.  Photo  726  shows 
the  same  spill  approximately  68  minutes  later.  The  oil  still  appears  as  broken 
swirled  patterns  100  to  200  feet  apart.  The  slow  spread  rate  is  probably  due 
to  the  light  wind  conditions  that  day. 

Spread  Rate — Light  Crude — 1 .0  GPM 

Spill  52  is  shown  in  Figure  34  of  Photos  687,  701,  and  731.  The  oil  Has 
been  in  the  water  for  each  photo  for  15  minutes,  38  mnnutes,  and  60  minutes, 
respectively.  The  first  photo  shows  the  oil  to  be  wide  spirals  with  the  oil 
in  patches  spread  over  nearly  350  feet.  The  oil  appears  hazy  white  with  the 
visual  color  photo  being  somewhat  clearer  showing  a  red  tint  in  the  center  of 
the  spirals.  In  both  Photos  701,  and  731,  the  oil  has  spread  to  400-450  feet 
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with  the  spiral  pattern  being  less  distinct.  The  red  tint  tends  to  remain  on 
the  edges  of  the  spills  giving  the  impression  that  the  oil  is  thicker  on  the 
edges.  Later  photos  show  only  patches  of  oil  which  cannot  be  definitely  re¬ 
lated  to  this  spill  because  of  limitations  in  the  camera’s  field  of  view. 

Spread  Rate — Light  Crude — 4.57  GPM 

Spill  56  at  4.57  GPM  is  shown  in  Figure  35,  Photos  717,  745,  and  789. 

The  oil  in  the  photos  have  been  in  the  water  approximately  10  minutes,  42  min¬ 
utes,  and  72  minutes,  respectively.  As  can  be  seen  in  the  photos,  it  is  very 
evident  that  this  spill  was  at  a  high  rate  with  little  break  up  of  the  oil  in 
over  an  hour.  Photo  739  was  made  on  the  last  run  of  the  morning  when  the  ship's 
course  was  changed,  thus  the  spill's  duration  could  not  be  determined.  Spread 
rate  from  the  photos  are  measured  as  250  feet,  400  feet  and  500  feet  respectively. 
As  in  the  lighter  spill  rates,  the  oil  rapidly  spreads  to  a  width  of  300-400 
feet  and  then  gradually  spreads.  Wind  conditions  for  these  photos  are  still 
such  to  give  light  wave  action  with  some  swells. 

Spread  Rate — Heavy  Crude — 0.5  GPM 

Photo  863  of  Figure  35  and  Photo  8S1,  and  914  and  954  of  Figure  36  show 
consecutive  photos  of  Spill  67.  The  age  of  the  oil  in  the  water  in  each  photo 
is  approximately  20  minutes,  39  minutes,  62  minutes,  and  90  minutes,  respectively. 
The  major  significance  of  these  photos  is  to  show  how  the  distinct  patches  of 
oil  and  spiraled  patterns  of  Photo  863  changes  into  a  diffused,  hazy  white  streak 
which  does  not  spread  significantly  beyond  400  feet.  It  should  be  noted  that 
with  age  the  IR  color  detection  degrades  faster  than  the  visual  color,  with  the 
oil  in  the  IR  color  photos  turning  black  in  the  last  photo.  Operations  for  the 
day  were  ended  before  further  photos  could  be  taken;  however,  under  the  wind 
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conditions  at  that  tin©,  it  is  estimated  that  d©t©ction  would  hav©  besn  possible 
for  several  hours. 

Spread  Rate — Heavy  Crude — 0.94  GPM 

A  higher  flow  rate  of  Spill  68  is  shown  in  Photo  865  of  Figure  36  and  Photos 
888,  921,  and  959  of  Figure  37.  The  age  of  the  oil  in  these  photos  is  10  minutes, 
27  minutes,  50  minutes,  and  79  minutes,  respectively.  The  first  photo,  865,  shows 
the  oil  shortly  after  it  was  spilled  and  the  chase  boat  apeears  to  have  disturbed 
the  oil  in  the  upper  portion  of  the  spill.  By  comparing  Photo  865  to  863,  it 
is  evident  that  the  flow  rate  is  greater  in  865.  As  in  the  previous  0.5  GPM 
photos,  little  change  is  noted  in  the  later  photos  except  for  the  fading  and  dif¬ 
fusion  of  the  oil.  As  before  the  IR  color  gradually  changes  from  white  to  black 
with  time  while  the  regular  color  only  fades.  In  this  test  the  oil  may  have  bee:, 
discernable  for  a  longer  period  had  operations  heen  extended  that  day. 

Spread  Rate — Heavy  Crude — 3.5  GPM 

The  heavy  spill  rate  of  Spill  98  was  continued  on  a  different  day  and  the 
results  are  compared  herein  to  show  the  effects  of  higher  seas.  Only  two  photos 
were  taken  as  the  spill  was  made  near  the  end  of  the  day.  The  first  photo  is  1450 
in  Figure  37,  taken  approximately  3  minutes  after  the  spill  was  dumped  and  Photo 
1501  in  Figure  38  which  shows  the  spill  aged  by  54  minutes.  Photo  1450  appears 
entirely  different  than  the  other  heavy  crudes  spilled  on  previous  days.  The 
color  is  black  instead  of  grey  and  the  spiral  pattern  is  not  evident  as  it  was 
before.  In  the  later  photo,  the  oil  has  diffused  quite  evenly  but  still  has  a 
black  color  with  a  highly  reflective  surface. 

Spread  Rate — Heavy  Crude — 2,64  GPM 

Photos  935,  974,  and  996  of  Figure  38  show  the  heavy  crude  of  Spill  71 
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which  waa  spilled  at  a  rate  of  10  knots.  The  age  of  the  oil  in  the  three  photos 
are  respectively,  18  minutes,  47  minutes,  and  66  minutes.  The  oil  in  these  photos 
does  not  indicate  any  differences  resulting  from  speed.  The  oil  still  spreads 

rapidly  to  300  feet  and  gradually  increases  to  500  feet.  As  in  earlier  heavy  crude 

runs,  the  spiral  pattern  appears  and  gradually  diffuses. 

Spread  Rate — Heavy  Crude — 3.95  GPM 

A  high  rate  of  spread  (17  knots)  for  #6  fuel  in  Spill  96  is  compared  in 
Figure  39  in  Photos  1391,, 1410,  1431,  and  1467.  The  ages  of  the  fuel  are  2  min¬ 
utes,  17  minutes,  26  minutes,  and  58  minutes.  The  first  photo  shows  only  a 

narrow  stretch  of  oil  followed  by  shiny  patches  of  oil  over  a  wide  area  which  is 

difficult  to  measure.  As  in  the  heavy  crude,  3peed  does  not  appear  to  effect 
the  oil  spread  rate. 

Conclusions  of  Color  Photography 

Both  visual  multispectral  color  and  IR  color  appear  to  be  equally  capable 
of  detecting  oil  on  the  surface  of  the  water  under  the  weather  conditions  en¬ 
countered  during  performance  of  this  program.  The  major  differences  noted  be¬ 
tween  the  two  was  that  the  infrared  film  tends  to  give  a  slightly  sharper  con¬ 
trast  between  the  oil  and  the  water  with  low  sun  angles.  The  multispectral 
visual  color  is  more  useful  in  evaluating  flow  rates  as  the  oil  thickness  can 
be  better  inferred  by  seeing  the  wider  range  of  colors  that  appear  as  oil 
thickens.  Neither  film  was  found  satisfactory  in  the  detection  of  #2  fuel, 
however,  difficulties  in  operation  on  the  days  in  which  #2  fuel  was  spilled 
may  compromise  the  conclusion.  Detection  of  the  other  oils  were  possible  with 
the  color  cameras  at  flow  rates  down  to  0.05  GPM  providing  the  oil  had  been 
in  the  water  for  a  very  short  time  period  (less  than  10  minutes).  Reliable 
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detection  of  oil  for  any  extended  period  with  visual  and  IR  color  film  were  only 

made  at  flow  rates  above  0.5  GPM.  The  lower  flow  nates  remain  on  the  surface  of 

v 

the  water  for  a  short  period  of  time  and  if  any  wind  is  present  or  high  currents 
exist,  the -oil  quickly  disperses  and  is  not  longer  visible. 

All  of  the  spill  rates  were  largely  influenced  by  wind  and  the  sea's  con¬ 
dition.  The  break  up  of  the  oil  does  not  appear  to  be  due  to  gradual  diffusion. 

In  particular,  heavy  crudes  and  the  heavier  fuels  break  up  into  patches  and 
spread  over  a  wide  area.  Until  this  happens,  almost  all  types  of  oil  tested 
appear  to  spread  quite  rapidly  to  300  feet  and  then  gradually  to  500  feet.  Any 
spreading  beyond  500  feet  in  width  is  usually  accompanied  by  the  break  up  of 
the  oil  into  small  patches  or  small  streaks  in  the  troughs  of  the  swells.  The 
speed  of  the  ship  does  not  appear  to  have  any  significant  effect  on  the  appear¬ 
ance  of  the  oil  in  the  water  except  for  perhaps  subtle  differences  in  such  things 
as  the  distance  behind  the  ship  at  which  the  oil  first  surfaces.  No  attempts  were 
made  to  analyze  these  sort  of  subtle  differences. 

Color  photography  does  not  appear  to  be  a  precise  tool  in  determining  the 
rate  of  oil  spillage.  However,  an  estimation  of  flow  rates  can  be  inferred. 

It  also  should  be  possible  for  an  experienced  operator  to  determine  if  the  flow 
rates  are  above  a  certain  value  such  as  0.5  GPM,  1  GPM,  or  3-4  GPM.  Of  course, 
clouds  and  weather  do  have  significant  effects  upon  the  color  photography  as 
noted  in  several  photographs,  during  the  days  in  which  clouds  and  storm  condi¬ 
tions  existed. 

C.  INFRARED  SCANNER  IMAGERY 

Infrared  imagery  of  oil  slicks  was  obtained  in  the  8-14u  and  4-5. bands 
using  a  Bendix  Scanner.  Due  to  mechanical  difficulty  only  limited  data  were 
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obtained  on  the  first  day’s  test  with  the  scanner  operating  with  an  8-I&1  detec¬ 
tor.  The  thermal  mapper  was  a  Bendix  Tfy^LN-3  scanner  with  a  tri-metal  8—1 4a 
detector  cooled  with  liquid  nitrogen.  The  instantaneous  field  of  view  is  2.5 
milliradians  with  a  total  field  of  view  of  120°  of  arc.  A  #2  fuel  oil  slick 
appears  in  Figure  40  as  a  dark  stream  of  oil  trailing  the  spill  vessel.  The 
rate  of  spill  was  0.2  GPM  with  a  ship  speed  of  18  knots.  In  the  8-14u  band  the 
oil  appears  cooler  (darker)  than  the  surrounding  water.  Thicker  oil  at  the 
boundary  of  the  slick  is  cooler  radiometrically  than  the  center  portion  of  the 
slick.  The  wake  of  the  ship  appears  warm  and  it  is  not  known  if  oil  was  being 
spilled  at  the  time  the  imagery  was  made.  If  oil  was  being  spilled  its  detection 

would  undoubtedly  be  masked  by  the  radiometrically  warmer  wake. 

v 

During  the  last  two  days  of  tests  the  scanner  was  operational  using  a  4- 

5.5p  detector.  The  instrument  used  was  a  Bendix  Tty/LN-2  equipped  with  a  InSb 

4-5-5i.i  detector.  Figure  41  (Spill  98)  shows  the  detection  capabilities  over  a 

heavy  crude  oil  slick  spilled  at  a  rate  of  0.5  GPM  and  a  ship  speed  of  14  knots. 

Contrary  to  expected  results,  the  heavy  crude  oil  appears  radiometrically  warmer 

than  the  surrounding  water  in  the  4-5 .5u  band.  It  was  anticipated  that  the  response 

t 

of  oils  in  the  intermediate  infrared  would  be  similar  to  the  8-14u  region  response. 
Further  analysis  on  the  4-5. %  scanner  imagery  of  the  heavy  crude  oil  slick  after 
it  had  been  on  the  water  for  several  minutes  revealed  that  it  remained  radiome¬ 
trically  warmer. 

In  contrast  to  the  response  of  heavy  crude  oil,  Number  6  fuel  oil,  (Spill  90) 
appeared  radiometrically  cooler  in  the  4-5. 5n  region,  Figure  42.  The  spill  rate 
was  3.67  GPM  and  the  ship  speed  was  14  knots.  The  difference  in  the  response 
of  the  crude  and  refined  petroleum  in  the  4- 5.5m-  region  is  not  fully  understood. 

It  may  be  due  to  inherent  differences  in  the  emittance  and  reflectance  of  the 
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two  oil  types  in  the  4-5.5M-  region.  Previous  measurements  in  the  8-13.5 p,  range* 
have  shown  that  crude  oil  appears  radiometrically  cooler  than  the  surrounding 
water . 

The  infrared  imagery  presently  at  hand  is  not  sufficient  to  fully  evaluate 
the  capabilities  of  oil  type  differientiation  using  the  4^-5. 5  region  of  the 
intermediate  infrared.  To  determine  and  evaluate  the  capabilities  of  sensors 
operating  in  or  near  these  wavelengths,  further  tests  should  be  performed. 
Specific  data  on  the  effects  of  oil  thicknesses  and  types  which  can  be  disting¬ 
uished  must  be  quantified. 

D.  MICROWAVE  RADIOMETER  SENSORS 

Two  microwave  radiometers  were  mounted  in  one  of  the  two  camera  wells  in 
the  bottom  of  the  DC-3  aircraft  shown  in  Figure  43.  The  radiometers  were 
mounted  looking  aft  at  50°  nadir  when  the  deck  of  the  aircraft  is  horizontal. 
The  all  solid-state  radiometers,  built  by  the  Microwave  Sensor  Systems  Division 
of  Spectran,  Inc.,  were  designed  for  operation  or.  airborne  or  ground  based 
platforms.  Both  radiometers  are  dual  polarized  with  analog  read-outs  directly 
in  temperature.  All  radiometric  temperature  read-outs  are  automatically  cor¬ 
rected  for  changes  in  ambient  and  hot  load  temperature.  The  electrical  param¬ 
eters  of  the  radiometric  systems  are  included  in  Table  3. 

The  look  angle  of  the  radiometers  was  selected  to  be  at  or  near  50°  to 
minimize  the  effects  of  sea  state  to  the  vertically  polarized  signals.  It 
was  felt  that  near  the  50°  nadir  angle  the  vertical  polarized  signals  would  be 
affected  primarily  by  the  oil  on  the  water  alone,  and  not  resulting  from  the 

*Lowe,  D.  S.,  and  P.  G.  Hasell,  Multispectral  Sensing  of  Oil  Pollution,  6th 
International  Symposium  on  Remote  Sensing  of  Environment,  Ann  Arbor,  Michigan, 
1969. 
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Table  3  -  Radiometer  System  Specifications 


Center  Frequency 

10.2  GHz 

30.0  GHz 

Bandwidth  (min.) 

450  MHz 

450  MHz 

AT  (sensitivity/second) 
Single  polarity 

Double  polarity 

0.11°  K 

0.15°  K 

0.21O  K 

0.30°  K 

Intercept  Element 

320  X  230  feet1" 

170  X  120  feet* 

Antenna  Beamwidth 

4.6° 

2.4° 

Data  Outputs 

(  Horizontal 
<  Vertical 
( Reference 

r . .  - 

i. . . . 

Recorded  Integration  Time 

0.1  sec. 

0.1  sec.  k 

Major  and  minor  axes  of  ellipse  from  2,000  feet  altitude. 


calmed  sea  condition.  The  final  nadir  angle  of  the  radiometers  during  the  actual 
flights  was  46°  instead  of  50°  and,  as  a  result,  all  sea  state  effects  were  not 
ignored  by  the  vertical  channel  as  will  be  shown  later. 

Tne  results  of  these  measurements  will  be  discussed  differently  than  was 
the  photographic  data  as  the  results,  in  general,  apply  equally  to  all  spills. 
Whenever  anomalies  appear,  that  spill  will  be  discussed  separately. 

The  Microwave  data  was  taken  by  flying  from  astern  the  Coast  Guard  cutter 
at  an  altitude  of  2,000  feet.  As  the  look  angle  in  not  at  nadir,  the  intercept 
area  of  the  antenna  beams  are  elliptical  in  shape  with  major  and  minor  axes  of 
approximately  320  by  230  and  170  by  120  feet  for  the  10.2  GHz  and  30  GHz  radiom¬ 
eters  respectively.  Sample  sizes  of  these  areas  are  minimal  for  the  10.2  GHz 
system  and  below  for  the  30  GHz  to  obtain  a  good  statistical  average  of  the  wave 
trains.  As  a  result  of  the  small  sample  size,  most  of  the  discussion  to  follow 
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applies  to  the  X-Band,  (10.2  GHz)  system.  Data  were  compiled  and  analyzed  for 
the  Ka-Band  (30  GHz)  system,  but  the  accuracy  of  the  signal  magnitudes  are  ques¬ 
tionable. 

During  the  tests,  microwave  data  were  recorded  of  a  4-channel  tape  recorder 
at  a  speed  of  3-3/4  inch/second.  In  addition,  both  horizontally  polarized  signals 
were  recorded  at  the  input  to  the  t?pe  recorder  on  a  dual  channel  strip  line  re¬ 
corder  at  2  inches/minute.  A  monitor  station  was  available  to  sample  any  of  one 
of  the  six  outputs  desired  on  a  digital  voltmeter.  A  check  on  the  data  and  time 
log  later  showed  that  the  aircraft  invertor's  output  was  120  volts  at  45  cycles, 
instead  of  60  cycles,  thus  all  recorders  were  running  at  45/60  or  3/4  speed. 

All  data  have  been  corrected  to  reflect  the  true  recording  speed. 

The  data  on  the  tape  recorder  have  been  recorded  on  a  6-channel  strip  chart 
recorder  with  the  integration  time  increased  to  approximately  2  seconds.  Tne 
data  were  run  at  25  millimeter/second  to  make  the  length  of  the  microwave  data 
more  closely  correspond  to  the  length  of  the  photographs.  In  addition,  a  spike 
suppression  curcuit  was  used  to  delete  the  boresight  camera  and  interference  spikes. 
The  two  extra  channels  record  the  difference  in  the  horizontal  and  vertical  pol¬ 
arized  signals  for  each  radiometer.  The  data  in  this  format  is  too  large  for 
presentation,  thus  only  the  amplitude  data  has  been  tabulated  and  included  in 
Appendix  A. 

Detection  Limitations 

The  minimum  detection  level  of  the  microwave  radiometers  was  difficult  to 
determine  in  these  tests  as  visual  acquisition  was  required  to  align  the  antenna 
beam  with  the  oil  spill.  Tests  during  the  first  day  gave  little  information  be¬ 
cause  of  the  alignment  difficulties.  On  other  days  when  low  level  spills  were 
visible,  detection  with  the  microwave  radiometers  was  made  down  to  0.05  GPM. 
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The  X-Band  microwave  signal  level  for  the  spills  discussed  earlier,  in  the  color 
and  ultraviolet  sensors  are  as  shown  in  Table  4. 


0.05  GPM 

c 

0.1  GPM 

SPILL  RATES 

0.5  GPM 

1.0  GPM 

60  Liters/Mile 

— 

— 

- 

- 

- 

- 

- 

- 

- 

No.  6 

-2° 

-2° 

-4° 

-5° 

-5° 

Light 

— 

OB 

-3° 

. -4° 

Crude1 

-4° 

— 

-6° 

-9° 

-7° 

- 

- 

-6° 

-6o 

-50 

Heavy 

Crude 

- 

-6° 

-5° 

-1° 

-10° 

Vhree  series  at  10,  14,  and  17  knots  are  evaluated. 


Table  4  -  Microwave  Radiometric  Temperatures 

The  signal  levels  shown  in  the  table  by  themselves  are  not  significant  as 
the  alignment  problem  was  always  critical  and  the  percentage  beam  fill  is  not 
always  known.  The  most  significant  thing  to  be  noted  from  the  table  is  that 
the  signals  are  all  colder  than  the  background.  No  pattern  seems  to  be  evident 
from  the  different  ship  speeds  for  light  crude. 

It  would  also  appear  from  the  table  that  heavier  types  of  oil  give  colder 
recordings  at  lower  rates,  and  that  the  heavier  spills  are  colder  than  the 
light  spills.  These  results  are  reasonable  in  that  the  oil  spill  rate  was  not 
great  enough  to  reach  a  thickness  where  the  warmer  oil  signal  predominates  over 
the  reduced  or  cooler  signal  as  a  result  of  lower  sea  state.  Some  measurements 
do  not  follow  this  trend;  the  signals  get  warmer  for  some  spills.  It  cannot 
be  verified  with  the  data  available,  but  the  effect  might  be  due  to  the 
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thickness  of  heavy  patches  of  oil  compensating  for  the  cooler  signal  from  sea 
state  reduction.  At  Ka-Band,  some  warm  signals  were  received  but  correlation 
between  aircraft  motion,  wave  effects,  and  oil  is  difficult.  It  is  possible  that 
many  of  the  warm  signals  received  at  30  GHz  are  patches  of  oil  which  are  thick 
enough  over  a  large  enough  area  to  give  beam  fills  sufficient  to  create  hot  sig¬ 
nals.  Unless  runs  can  be  made  at  an  altitude  sufficient  to  smooth  out  or  aver¬ 
age  the  wave  effects,  sea  state  cannot  easily  be  determined. 

The  runs  from  which  the  microwave  data  was  analyzed  are  too  numerous  to 
present  individually  within  this  report.  A  typical  run  is  shown  in  Figure  44, 
which  was  recorded  on  a  strip  chart  at  a  slower  speed.  Both  polarizations  are 
shown  for  both  radiometers.  The  areas  between  spills  are  evident  in  most  cases 
in  the  X-Band  recordings  but  are  more  difficult  to  see  in  the  Ka-Band  record¬ 
ings.  Care fill  integration  with  the  eye  shows  an  overall  change  from  one  spill 
to  another.  The  effects  of  oil  patches  and  aircraft  motion  are  noted  in  the  30 
GHz  values  as  the  beam  fill  changes.  Aircraft  motion  was  very  difficult  for  the 
operators  to  detect  and  would  not  have  been  noted  except  for  sun  angle  monitoring. 

The  increased  temperature  as  the  ship  is  approached  is  quite  evident  from 
Figure  45,  and  in  the  shorter  integration  recordings  the  noise  is  evident  at 
least  two  spills  behind  the  ship. 

One  spill  was  conducted  in  which  no  oil  was  dumped.  The  recordings  for 
this  run  are  shown  in  Figure  46.  The  spills  prior  to  this  test  were  extremely 
light  and  not  visually  acquired,  thus  it  was  difficult  to  align  the  aircraft 
to  determine  the  presence  or  lack  of  oil  in  the  beam.  From  the  run  and  the 
return  run,  it  can  be  noted  that  a  lack  of  signal  exists. 

A  second  anomoly  was  noted  in  the  microwave  data  which  at  this  time  is 
unexplained.  Test  41  and  part  of  Test  42  was  extremely  noisy,  similar  to  that 
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experienced  when  flying  over  the  ship.  This  signal  did  not  exist  on  the  initial 
run  shortly  after  it  was  spilled;  however,  on  the  next  overflight  and  the  return 
it  was  very  evident.  The  ship’s  course  changed  after  this  and  the  spill  in 
question  was  not  overflown  again.  The  anomoly  was  also  noted  on  a  non-experiment 
IR  radiometer  which  was  aboard  the  aircraft.  To  both  the  microwave  and  IR 
radiometers  the  signal  was  8  -  10°  warmer  with  10°  noise  spikes. 

Analysis  of  the  V-H  signals  did  not  add  any  significant  information  to  the 
data  received.  Theoretically,  a  difference  should  be  noted  because  of  sea  state 
changes.  As  noted,  46°  was  not  sufficient  to  remove  sea  state  contributions  to 
the  vertically  polarized  signals,  and  may  account  for  the  lack  of  information 
in  V-H.  A  large  difference  was  noted  in  V-H  for  tests  41  and  42  where  a  great 
amount  of  noise  was  experienced.  No  reason  is  known  at  this  time  for  the  cause 
of  the  noise  or  the  polarization  difference. 

Oil  Type  Detection 

The  ability  of  the  microwave  radiometers  to  discriminate  among  oil  types  in 
the  quantities  spilled  for  these  tests  is  quite  questionable.  The  rates  of  spill 
considered  herein  largely  affected  sea  state  only,  thus  the  signals  were  primarily 
sea  state  readings.  To  detect  oil  type  would  require  thicknesses  whereby  die¬ 
lectric  constants  and  absorption  losses  became  significant  .  Inferences 

might  be  made  from  microwave  data  if  runs  were  made  from  other  angles  such  that 
spread  rates  and  oil  break  up  are  noted.  In  general,  such  conclusions  for  oil 
type  would  be  difficult  and  unreliable  based  upon  tests  to  date. 

Microwave  Data  Conclusion 

The  nature  in  which  the  microwave  tests  were  conducted  make  it  difficult 
to  finalize  any  conclusions  without  further  experiments.  However,  the 
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conclusion  can  be  made  that  microwave  appears  to  be  a  satisfactory  sensor  in  the 
detection  of  oil  on  the  water's  surface,  even  when  the  oil  is  not  visible  for 
reasons  of  oil  quantity  or  weather.  In  any  case,  it  is  desirable  that  passes 
be  made  from  a  direction  in  which  no  oil  is  present  to  obtain  a  reference  if 
quantity  is  to  be  determined.  Higher  spill  rates  could  create  some  ambiguities 
in  tan l  oscillatory  signals  may  exist  with  large  changes  in  oil  thickness." 

The  signals  received  by  the  30GHz  radiometer  may  indeed  by  a  result  of  this 
fact  as  many  of  the  larger  signal  changes  cannot  be  explained  by  aircraft  motion 
alone. 

Detection  or  recognition  of  oil  type  with  microwave  radiometers  does  not 
seem  feasible  from  the  tests  run;  instead,  a  multi-sensor  package  including 
microwave  radiometers  shows  the  most  promise. 

It  appears  that  for  all  weather  conditions,  microwave  radiometers  are 
desirable  so  as  to  not  depend  upon  the  visual  or  ultraviolet  portions  of  the 
spectrum  alone.  Anomolies,  such  as  those  of  Test  41 ,  may  provide  significant 
information  other  than  spill  rate. 


"Aukland,  J.  C.,  Conway,  W.  H.,  and  Sanders,  N.  K.,  "Detection  of  Oil  Slick  Pol¬ 
lution  on  Water  Surfaces  with  Microwave  Radiometer  Systems,"  Proceedings  of  the 
Sixth  International  Symposium  on  Remote  Sensing  of  the  Environment,  University 
of  Michigan,  1969. 
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IV.  CONCLUSIONS 


Analysis  of  the  multisensor  data  presented  in  this  report  shows  that  each 
sensor  has  specific  advantages  for  particular  conditions  of  time  of  day,  sea 
surface  roughness,  weather,  and  type  of  pollutant.  In  general,  all  sensors 
were  capable  of  detecting  oil  slicks  at  spill  rates  of  0.5  GPM  and  greater. 

The  express  purpose  of  the  program  was  to  optimize  photographic  data,  and, 
therefore,  other  sensor  data  such  as  that  produced  by  the  microwave  radiometers 
•md  infrarod  scanner  were  compromised. 

The  imagery  produced  from  the  4-lens  camera  operating  in  the  short  wave¬ 
length  visible  and  ultraviolet  regions  shows  the  best  detection  capability  of 
the  photographic  sensors.  Detection  of  thin  films  of  oil  is  inversely  propor¬ 
tional  to  the  wavelengths  of  investigation.  That  is,  the  shorter  the  wave¬ 
length,  the  better  the  contrast  between  oil  and  water.  The  0.36  to  0.40u  band 
produces  the  best  contrast  of  all  filters  used.  The  effects  of  sun  angle 
(glitter)  degrades  the  detection  capabilities  of  the  longer  wavelength  bands. 
The  ability  to  discriminate  oil  types  with  the  black  and  white  multispectral 
photography  does  not  appear  feasible.  However,  the  determination  of  spill 
rates  and  the  oil's  viscosity  can  be  inferred  by  the  slick's  characteristics. 
The  estimation  of  spill  rates  from  dispersion  characteristics  is  dependent  on 
the  wind  anu  sea  surface  conditions. 

Visual  color  and  infrared  color  photography  appear  to  be  equally  capable 
of  detecting  oil  on  the  surface  of  the  water  under  the  weather  conditions  ex¬ 
perienced  during  performance  of  this  program.  Detection  of  oil  slicks  formed 
at  spill  rates  of  0.05  GPM  was  possible  immediately  after  spillage,  however, 
the  small  flow  rate  dispersed  rapidly  and  was  not  discernable  for  extended 
periods  of  time.  Color  photographs  in  the  visible  portion  of  the  spectrum 
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were  superior  to  the  infrared  in  inferring  flow  rates  by  sensing  a  wider  range 
of  colors  in  the  thicker  slicks. 

Infrared  scanner  imagery  in  both  the  4-5.5  and  8-1 4w  bands  shows  good 
detection  capabilities  for  the  oil  slicks  investigated.  Operating  in  the  8- 
14m.  band  the  scanner  produced  imagery  which  clearly  shows  the  presence  of  a 
No.  2  fuel  oil  slick.  The  detection  of  the  low  flow  rate  No.  2  fuel  oil  slick 
by  the  infrared  scanner  indicates  the  high  sensitivity  of  the  infrared  region 
to  oil  on  the  water  surface.  The  No.  2  fuel  was  the  most  difficult  oil  type 
to  detect  with  other  sensors  on  board  the  aircraft.  Imagery  produced  using  a 
4-5.5  detector  was  of  comparable  quality  to  the  8  -  14m  data.  However,  an 
anomaly  in  the  response  for  heavy  crude  oil  and  No.  6  fuel  oil  was  observed. 

The  heavy  crude  oil  slick  formed  at  a  0.5  GPM  flow  rate  appeared  radiometrically 
warmer  than  the  surrouding  water,  whereas  the  No.  6  fuel  oil  slick  (flow  rate  = 
3.67  GPM)  was  radiometrically  cooler  than  the  water.  The  relationship  between 
the  infrared  radiometric  response  in  the  4-5. 5u>  region  and  the  oil  types,  flow 
rates,  etc.,  is  not  understood  at  the  present.  To  ascertain  the  mechanism  of 
radiometric  temperature  difference  between  heavy  crude  oil  and  No.  6  fuel  oil 
in  the  4-5. 5^  region  further  experimentation  is  necessary. 

Even  though  the  experimental  program  was  designed  to  optimize  photographic 
sensors,  the  dual  frequency  microwave  system  detected  oil  slicks  that  were  not 
discernable  with  camera  systems  operating  in  the  visible  portions  of  the  spec¬ 
trum.  Data  derived  from  this  program  indicate  that  further  experimentation 
will  be  necessary  to  quantify  the  capabilities  of  microwave  radiometry  to  dis¬ 
criminate  oil  types  and  to  provide  estimation  of  oil  thickness.  To  fully 
ascertain  the  capabilities  of  microwave  radiometry  in  detection  of  oil  on  the 
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;1,‘n  aurt'fi0«>  experiments  should  be  conducted  during  inclement  weather  and  at 
night. 

The  dispersion  characteristics  of  several  oil  types  and  various  spill 
rates  were  investigated.  It  can  be  concluded  from  this  investigation  that 
the  spreading  and  breakup  of  oil  is  dependent  upon  the  wind  and  sea  conditions. 
The  break  up  of  the  more  viscous  oils  (heavy  crude  and  No.  6  fuel  oil)  is  due 
to  separation  of  the  oil  into  discrete  patches  which  spread  over  a  wide  area. 

In  most  instances  the  oils  quickly  spread  to  a  width  of  approximately  300  feet 
and  they  gradually  increase  in  width  to  500  feet.  Increases  in  widths  of 
greater  than  500  feet  are  generally  accompanied  by  the  breakup  of  the  oil  into 
smal l  patches  or  streaks  in  the  troughs  of  the  swells.  Streaking  by  wind 
action  appears  to  be  the  predominant  mechanism  for  rapid  dispersion  of  oil 
slicks  and  variations  in  oil  thickness  within  the  slick. 

Analysis  and  interpretation  of  the  multisensor  data  derived  from  these 
tests  has  provided  answers  to  many  questions  on  the  detection  capabilities  of 
the  sensors  used.  In  providing  answers  to  some  questions  the  results  also 
stimulated  many  queries  into  the  effects  such  variables  as  higher  sea  state 
conditions  and  inclement  weather  have  upon  oil  pollution  detection.  To  fully 
evaluate  the  detection  capabilities,  further  experiments  should  be  conducted 
to  eliminate  or  fix  the  effects  of  as  many  parameters  as  possible. 
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Figure  2A 
Number  6  Fuel  Oil 
Spill  Number  85 
Flow  Rate  0.05  GPM 
Ship  Speed  14  kts 


Figure  2B 
Light  Crude  Oil 
Spill  Number  36 
Flow  Rate  0.05  GPM 
Ship  Speed  10  kts 
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Figure  3 A 
Heavy  Crude  Oil 
Spill  Number  64 
Flow  Rate  0.05  GPM 
Ship  Speed  14  kts 


Figure  JB 
Number  6  Fuel  Oil 
Spill  Number  86 
Flow  Rate  0.1  GPM 
Ship  Speed  14  kts 


Figure  4A. 

Light  Crude  Oil 
Spill  Number  47 
Flow  Rate  0.1  GPM 
Ship  Speed  14  kts 


Figure  4B 
Heavy  Crude  Oil 
Spill  Number  65 
Flow  Rate  0,1  GPM 
Ship  Speed  14  kts 


Figure  6A 
Light  Crude  Oil 
Spill  Number  33 
Flow  Rate  0.5  GPM 
Ship  Speed 


Figure  6B 
Light  Crude  Oil 
Spill  Number  45 
Flow  Rate  0.5  GFM 
Ship  Speed  1 4  kts 


Figure  7A 
Light  Crude  Oil 
Spill  Number  51 
Flow  Rate  0.5  GPK 


I T'W 


Figure  7B 
Heavy  Crude  Oil 
Spill  Number  67 
Flow  Rate  0.5  GPK 
Ship  Speed  14  kts 


Xi 


Figure  8A 
9250  Lub  Oil 
Spill  Number  14 
Flow  Rate  1  GPM 
Ship  Speed  14  kts 


Figure  3B 
Number  6  Fuel  Oil 
Spill  Number  82 
Flow  Rate  1  GPM 
Ship  Speed  14  kts 


figure  9a 
Light  Crude  Oil 
Spill  Number  31 
Flow  Rate  1  GPM 
Ship  Speed  10  kts 


Figure  93 
Light  Crude  uii 
Spill  Number  43 
Flow  Rate  1  3PM 
Ship  Speed  I4  kts 


Figure  10A 
Light  Crude  Oil 
Spill  Number  5? 
Flow  Rate  1  GPM 
Ship  Speed  17  kts 


Figure  10B 
Heavy  Crude  Oil 
Spill  Number  68 
Flow  Rate  1  GPM 
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N'-iiolor  6  Fuel  Oil 
3 pi. 11  Number  90 
Flow  Rate  60  literc/mi 
Ship  Speed  14  kt; 


Figure  11B 
Light  Crude  Oil 
Spill  Number  39 
Flow  Rate  ti  liters/ird 
Ship  Speed  10  kts 
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Figure  12A 
Light  Crude  Oil 
Spill  Number  40 
Flow  Fate  60  liters/mi 
Ship  Speed  14  kts 


Figure  12B 
Light  Crude  Oil 
Spill  Number  56 
Flow  Rate  60  liters/mi 
Ship  Speed  17  kts 


Figure  1 3A 
Heavy  Crude  Oil 
Spill  Number  93 
Flow  Rate  6u  liters/mi 
Ship  Speed  hL  kts 


Figure  1 3B 
light  Crude  Oi] 
Spill  Number  33 
Flow  Rate  C.5  CFM 
Ship  Speed  10  kts 


Figure  14A 
Light  Crude  Oil 
Spill  Number  31 
Flow  Rate  0.5  GFM 
Ship  Speed  10  kts 


Figure  I^B 
Light  Crude  Oil 
Spill  Number  33 
Flow  Rate  0.5  GPM 
Ship  Speed  10  kts 


Fight  Cruee  Oil 
Spill  Number  3? 
Flow  Hate  0.5  011 
Ship  Speed  10  kt: 


Figure  15 B 
Heavy  Crude  Oil 
Spill  Number  ?>$ 
Flow  Kate  0,1  GIF 
Ship  Speed  I4  kts 


Figure  16A 
Heavy  Crude  Oil 
Spill  Nuriber  66 
Flow  Rate  0,1  GPM 
Ship  Speed  14  kts 


Figure  16B 
Heavy  Crude  Oil 
Spill  Number  67 
Flow  Rate  0.5  GPM 
Ship  Speed  14  kta 


ri  |  -  u  ■  1  7A 
Heavy  Crude  01  1 
3  [ill  Kunl  er  67 
Flow  In  It-  OIK 

Ship  Speed  14  kw 


Figure  1  7n 
Heavy  Crude  Oi 1 
Spill  Number  67 
Flow  Rate  0,5  01 M 
Ship  Speed  14  kt^ 


Figure  ISA 
Heavy  Crude  Oil 
Spill  Number  67 
Flow  Rate  0.5  GPM 
Ship  Speed  14  kts 


Figure  18B 
Heavy  Crude  Oil 
Spill  Number  67 
Flow  Rate  0.5  GE, 
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Figure  1;A 
Heavy  Crude  Oil 
Spill  Number  ?1 
Flow  Rate  54  64  GFJ 
Ship  Speed  10  kts 


Figure  1 9B 
Heavy  Crude  Oil 
Spill  Number  71 
Flow  Rate  2.64  Oil- 


Figure  20 A 
Heavy  Crude  Oil 
Spill  Humber  ?i 
Flow  Rate  2.64  uPM 
Ship  Speed  10  kts 


Figure  20B 
Number  6  Fuel  Oil 
Spill  Number  96 
Flew  Rate  3.95  GPM 
Ship  Speed  1?  kta 


Figure  21 A 
Number  6  Fuel  Oil 
Spill  Number  96 
Flow  Rate  3.95  GPM 
Ship  Speed  17  kts 


Figure  21B 
Number  6  Fuel  Oil 
Spill  Number  96 
Flow  Rate  3.95  GFM 
Ship  Speed  1?  kts 


Figure  22A 
Number  6  Fuel  Oil 
Spill  Number  96 
Flow  Rate  3.95  GPM 
Ship  Speed  17  kts 


Figure  22B 
Light  Crude  Oil 
Spill  Number  56 
Flow  Rate  4.57  GPM 
Ship  Speed  17  kts 


Figure  24A 
Light  Crude  Oil 
Spi1!  Number  53 
Flow  Rate  I.14  GPM 
Ship  Speed  17  kts 


Figure  24B 
Light  Crude  Oil 
Spill  Number  53 
Flow  Rate  1.1 4  GPM 
Ship  Speed  17  kta 


Figure  25A 
Light  Crude  Oil 
Spill  Number  53 
F3"v  Rate  1.14  CFM 
Ship  Speed  17  kts 
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4-5. 3e  Imagery 

4-5.—  Imagery 

Heavy  Crude  Oil 
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Spill  Number 

Flow  Rate  0.3  GPM 
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Ship  Speed  14  Kts 

Ship  Speed  14  kts 

Figures  41  &  42  4-5.  5*  Imagery 
of  Heavy  Crude  Oil  and  Number  6  Fuel  Oil. 
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Figure  44  Typical  Microwave  Radiometric  Response  for  Light 
and  Heavy  Crude  Oil  (Integration  Time  1  second) 
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Crude 


joo: 


-10. 500' 


Hazy  white 


Vide,  spiral, cloudy 
formation 


Light 

Crude 


500' 


10,400' 


Hazy  white 
MS-red  tintl 


Heavy 

Crude 


500' 


8000' 


Hazy  white 
MS-red  tintl 


Wide  spiral  formation 


wide  spiral  formation 


Heavy 

Crude 


400' 


8900' 


Hazy  white 
MS-red  tint! 


Wide  spiral  formation 


Heavy 

Crude 


J2ttL 


,7700' 


Hazy  white 


Wide  spiral  formation 


Heavy 

Crude 


450' 


10,100' 


Hazy  white 
MS-red  tintl 


Wide  spiral  formatio 


Heavy 

Crude 


300' 


'9500' 


Hazy  white 


Wide  spiral  formatio}-! 


Heavy 

Crude 


Hazy  white 


Cloudy  tra c e s 


Length  &  wilt  . 
unreadable 


Mi 


Heavy 

Hmda. 


J51 


Hazy  white 


[Thin  white  trail 


Length  unreaun:,lt 


Photo  Data 


«=•  ff- 

TY*E  IR/MS 


COMMENTS 


Straight  Line  patte 


Broken  line  pattern 


Light  spiral  formation 


tight  spiral  depos 


tight  spiral  formation 


W ide  spiral  formation 


Wide  hazy  formation 


wide  spiral  format idn 


tight  spiral  formation 


Tight  spiral  formation 


600'|  *12, 0001  Blackish 


Blackish 

400'  11,0001  white  haze 


400'|9400'  white  haze[  wide  spiral  formation 


400’  11,900  white  haae  wide  cloudy  patche 


400'  12,300 


white  haze 
400'  12,300  MS-red  tint 


white  naze 

200'  4400'  MS-red  tint 


Heavy 

Crude 


heavy 

Crude 


500'|  12,000 


400'  13,000 


white  'naze  patches  Blackish- IR 
Black  patches  MS-white  hare  pate-  01 


wide  spiral  formation  _ 


wide  spiral  formation 


wide,  tight  spiral 
formation 

spiral  formation 


MS  f.'.Lr 

Parallel  lines  Does  not  show  in 

hazy  wide  formation  Black-IR 
;e  black  patches  White  haze-KS 

— color-IR 
wide  hazy  patches  White  hsze-MS 


3est  Available  Copy 


Photo  Data 


TY*f  iiL"S  _ 


MS-unreadabl9 , length  I 
&  width  unreadable  ' 


Pic.  1270-74  unread- t»l 
due  to  cloud  cover 
Pic.  1274-76  unrea :- 
able  due  to  cloud  ct v 

MS-unreadable _ 

Pic.  1280-84  unread - 
able  due  to  aloud  cove 


Best  Available  Copy 


Photo  Data 


TYPE 


Re  ,1  i  ■ 
TR/MS _ 


APPENDIX  C 


VTSIBUS  COLOR  AND  INFRARED  COLOR 
PHOTOGRAPH?  SPREAD  RATES 


Photo  Data 


tVPE  IK,  US. 


mm 

'~”l 

HUN 

SPILL 

TYPE 

s 

||^TS 

COLOR 

PHYSICAL  DESCRIPTION 

COMMENT'S 

i 

10 

I 

■i 

50' 

1 50» 

Black 

parallel  black  trail 

L  .  .  ..J 

■ 

1 

| 

i 

11 

1  •  i 

1  *. 

10 

10 

#2 

Fuel 

Fuel 

.100' 

50* 

5,1.00'. 

S , 200 ' 

Black 

Black-IR 

Black  trail 

IP  ■ 

Thin  black  trail 

i 

i 

t 

MS-unreadablo 

#2 

Fuel 

U' 

11 

100' 

7,400' 

Black 

Black  trail 

. 4 

1 

13 

12 

#2 

Fuel 

150' 

4,000' 

Black 

wide  black  trail 

; 

14 

13 

#2 

Fuel 

50' 

7,100' 

Black 

Black  trail 

m 

15 

L  l4  . 

9250 

150* 

Black 

Black  trail 

16 

14 

9250 

200' 

8,700' 

Black 

Wide  black  trail 

1 

17 

14 

9250 

300' 

8,600' 

Black 

Wide  black  trail 

■ 

_  .  .  .  -J 

16 

15 

9250 

150' 

7,000' 

Black 

Black  trail 

_ . .  ..  ...J 

■ 

I 

13 

S 

Tanker 

Dump 

Black 

Black  trails,  large 
pools,  parallel  trai 

length  &  width  I 

.s  undetermined 

B 

1 

44R 

50 

Light 

Crude 

0, 

Black 

Black  trail 

i 

Length  undetermined  j 

1 

t 

1 

44R 

51 

Light 

Crude 

■ 

B 

Hazy  white 

Spiral  formation 

IR-unreadab.  es.  engthl 
&  width  ur.de  ten  d:  ed  | 

46 

51 

Light 

Crude 

50' 

Hazy  white 
MS-red  tint 

spiral  formation 

1e  igth  unreada.  ...e  ; 

m 

51 

Light 

Crude 

100* 

4,300' 

Hazy  white 

loose  spiral  format! 

1 

* _ 1 

Best  Available  Copy 


Photo  Data 


TYPE 


HUN 

i 

_ 1 

SPILL 

TYPE 

WIDTH 

LENGTH 

COLOR 

•HYSICAL  DE SCRIP!  ION 

COMMENT >  | 

I 

•  »• 

■ 

Light. 

Crudu 

Hazy  white 

Cloudy  patches 

Length  &  width  1 

unreadable  _ J 

1 

i 

.  1 

Light 

Hazy  white 

i 

4" 

ipSiajJ 

Crude 

1340' 

MOO' 

MS-red  tint 

Wide  spiral  effect 

* 

-•-J 

> 

IB 

Light 

Crude 

400' 

Hazy  white 

Wide  cloudy  effect 

~  -1 

Light 

Crude 

100' 

Hazy  white 

Spiral  formation 

Length  unrcadab  e  ! 

/'  * 

Light 

Crude 

50' 

Hazy  white 

- -  ... 

cloudy  patches 

~~~  1 

Length  unreadab  e 

4f 

V( 

Light 

Crude 

400' 

■ 

Hazy  white 

% 

Wide  spiral  forinatxo 

j 

n 

_ 

...... 

-  -  —  — — 

-  — •  —  - •  --  — 

4<  * 

) 

Light 

Crude 

..’00 ' 

fflllll 

Hazy  white 
MS-red  tint 

Spiral  formation 

1 

/  *  t 
<,  i 

4  3 

Light 

Crude 

150' 

Hazy  white 
MS-red  tint 

Spiral  formation 

4 

53 

k Light 
Crude 

100' 

Hazy  white 

Cloudy  patches 

Length  urread vu  e  ; 

4  ' 

5  J. 

Light 

Crude 

140' 

— 

Hazy  white 

Cloudy  patches 

Length  unreadable _ 1 

i 

,  4” 

54 

Light 

Crude 

150' 

Hazy  white 
MS-red  tint 

Tight  spiral  format! 

i 

sn  _ i 

4  V 

54 

Light 

Crude 

J00' 

■ 

Hazy  white 
MS-red  tint 

Wide  spiral  formatio 

i  _  i 

tight 

f - 

Hazy  white 

4- 

'>4 

Crude 

..'00' 

MS-red  tint 

Cloudy  patches 

~ j 

Light 

Length  &  widt  •  | 

/'  > 

*> 

54 

Crude 

Hazy  white 

Wide  cloudy  patches 

unreadable 

47 

5r’ 

Light 

Crude 

'300' 

BIS 

Hazy  white 
MS-red  tint 

Wide  spiral  format! 

sn 

4 

,  . 

Light 

Crude 

300' 

m 

Hazy  white 
MS- red  ti&£ 

Cloudy  patches 

4< > 

r  r 

Light 

Crude 

500' 

B 

Hazy  white 

Wide,  spiral  cloudy 
formation 

- 

Light 

■  -  - 

-  - 

Hazy  white 

- . * 

*  * 

Crude 

i.:  40 ' 

MS-red  tint 

Tight  spiral  format! 

jn 

— 

- 

' Light 

Hazy  white 

4' 

Crude 

400' 

lUSffiSiSI 

MS-red  tint 

Spiral  formation 

J 

C-2 

Best  Available  Copy 


Photo  Data 


TYPE 


RUN  SPILL  TYPE  WIDTHLeNGTH  COLOR  PHYSICAL  DESCRIPTION  COMMENTS 


300' 

9,600' 

400' 

8,900' 

Wide  spiral  format 


Hazy  white  |  Spiral  formation 

Tight,  spiral  format 
Wide  spiral  format 


Tight,  wide  spiral 
formation 


Wide  spiral  format! 


Tight  spiral.. formaii 

Wide_spiral  formatio 


Hazy  white 

MS-red  tint  Spiral  formation 


Wide  spiral  formatio 


,500*  Hazy  white  Wide  spiral  formatio 


Length  &  wid 

Cloudy  traces _ unreadable. 


Thin  white  trail 


Straight  line  patter 


Length  urires.dab..e 


Straight  line  patter 
Hazy  white  spill  ends  in  spiral  formation 

Hazy  white  Broken  line  pattern 
Hazy  white  Cloudy  patches-  .  _ 


Best  Available  Copy 


Photo  Data 


Tvng 


H('\  ;  il'ii  t  TYPl  WIDTH  LENGTH  COLOR  PHYSICAL  DESCRIPTION!  <  1MM6NTS 


-  i  _ . . 


Parallel  Lines 


Heavy 

ileav  v 
Crude 

!!>vi  vy 
Crude 

Heavy 

Crude 

Hi:.'.  V  y 

Crude 


Hazy  white  Wide  spiral  formuticn 
Hazy  whitt.  Light  spiral  formation 

Hazy  white  Wide  spiral  Torioatidn 
B 1 Mckish  Black  patches  IR-BJack 

White  Haze  White  hazy  patches  MS-white  haze 

Does  not  show 

Hawkish  Parallel  Lines  in  MS  r‘ij  i 


Heavy 

Crude 

Heavy 

Crude 

Heavy 

Crude 

Heavy 

Crude 


milky  white)  Tight  spiral  deposit) 


liazy  white  Wide  hazy  J'cnnation 

Whi  te  haze  Wide  spiral  forinatic 
Whi  to  haze  White  haze  patches 
Back  Black  patches  , 


white  haze  KS 
biack-IK 


Heavy 

Crude 

lienw 

Crude 

Heavy- 

Crude 

Heavy 

Crude 


Heavy- 

Crude 

Heavy 

Crude 


Crude 


Heavy 

Crude 

Heavy 

Crude 


milky  whibe|  Tight  spiral  format! an 

milky  white  Wide  spiral  formation 

Hazy  white  Wide  cloudy  patches_ 
milky  wfiTte  ’wide” Eaz'y  patches  "  white-MS 
B I ack  Black  patches  black  IR 


milky  white 

10.600'  I  MS-red  tint  Tight  spiral  J'ormati )n_ 
white  haze 

MS-red  tint  .Wide  spiral  formatioi 


10. '00' I  White  haze  [Wide  spiral  Tormatic 


milky  white 

O'  MS-red  tint  Tight  spiral  'ormat  .fiP. 
ftj-red  ^int  Wide  spiral  format! jd 


Best  Available  Copy 


Photo  Data 


TYPE  . 


RUN  SPILL  TYPE 


THl  COLOR 


ICAL  DESCRIPTION 


COMMENTS 


white  haze 
300'  11,700  MS-red  tint 


white  haze 
M3-red  tint 


white  haze 
MS-red  tint 


Heavy 

Crude 

200' 

4,400' 

white  haze 
MS-red  tint 

Heavy 

Crude 

250' 

13,300' 

white  haze 
MS-red  tint 

Heavy 

Crude 

200' 

13,100 

white  haze 
MS-red  tint 

Heavy 

Crude 

_250'_ 

Heavy 

Crude 

300' 

Heavy 

Crude 

100' 

Crude 

150' 

61  I  77  iCruJe  150'  111, 400  Jdlky  white 


5'.' 

75 

Heavy 

Crude 

150' 

5,000' 

milky  white 
hE-red  tint 

Spiral  formation 

60 

75 

Heavy 

Crude 

150' 

8,300' 

milky  white 
MS-red  tint 

Spiral  formation 

n 

75 

Heavy 

Crude 

150' 

7,700' 

milky  white 
MS-red  tint 

Spiral  formation 

Best  Available  Copy 


Photo  Data 


TYPE  _ 


RUN  SPILL  TYPE 


a 


TH 

COLOR 

Heavy 

Crude 

200' 

Heavy 

Crude 

f - 

w 

V?1 

o 

Heavy 

Crude 

200' 

Wide  spiral  formation 


I  white  haze  Wide,  tight  spiral 

11,700| MS-red  tint  formation 

white  haze 

MS-red  tint  Wide  spiral  format! 
white  haze 

MS-red  tint  Wide  spiral  formatio 


white  haze 

MS-red  tint  Spiral  formation 


piral  formation 


Heavy 

Crude 

_250J_ 

Heavy 

Crude 

300' 

white  haze 
MS-red  tint 

SpiraL  formation 

hazy  white 
MS-red  tint 

Spiral  formation 

Spiral  formation 

I  Heavy  I  I  I  hazy  white 

Crude  150*  (12,400'  MS-red  tint  Spiral  formation 


57 

75 

60 

75 

Heavy 


Heavy 


150' 

5,000' 

milky  white 
MS-red  tint 

Spiral  formation 

150' 

8,300' 

milky  white 
MS-red  tint 

Spiral  formation 

150' 

7,700' 

milky  white 
MS-red  tint 

Spiral  formation 

60 

K 

6 

Heavy 

Crude 

100' 

61 

76 

Crude 

1 50* 

61 

77 

&3Z 

150' 

milky  white 
MS-red  tint 


milky  white 
MS-red  tint 


Best  Available  Copy 


Photo  Data 


TYPE 


RUM 

SPILl 

TYPE 

■ 

BS 

LENGTH 

COLOR 

physical  description 

> 

C,'!WMIENtS 

:ur,v:, 

CruUtj  Jj 

i'.U' 

i,.  oo' . 

Spiral  formation 

. " 

lien  vy 

hazy  white 

Crude 

100' 

i.,400' 

MS-red  tint 

Spiral  formation 

1  <; 

VI 

100' 

14,300' 

Hnzy  white 

Spiral  formation 

..  ..  —  ..  .  -  . 

1 

#<* 

Hazy  white 

Spiral  formation 

unreadable  in  photo  : 

MS  -hazy  whi 

be  MS-apiral  formatio 

#0 

100' 

l.,.'00» 

IR--H1  nokish 

IR-blackish  trail 

-  - . -  - 

MS 

*<- 

' 

100' 

••/w 

Hazy  white 

Spiral  formation _ 

_IR-unreadf.b  i  e  j 

...... 

1 

Photo  i 

or, 

- 

unreadab  e  ___  J 

1 

\ 

Photos  IT:.-. 0-4  ; 

.  *  * 

St, 

unreadab.  e 

*v. 

#6 

100' 

11,400* 

IR-blackish 

blackish  trail 

• 

MS-unreadable  * 

Photos  1 

»  .  » 

.  .1.* 

#6 

unreadab; e  j 

/ ij- 

us 

MS-hazy  whi 

,e  MS-spiral 

Length  &  widt  •  ur~  j 

>•7 

rfu 

IR-blackish 

Itt- trail 

readable  due  to  oloui 

MS-  unreadab'  e 

(  /■  • 

V? 

#6 

IR-blackish 

IR-biackish  trail 

L  &  w  unreadable 

'■’0 

37 

#6 

IR-blackish 

IR-blackish  trail 

MS-unreadabi  e 

Photo  1 170-74.  ur-read-l 

_ IV; 

y>^ 

$>. 

-  -  -  ...  . 

able  due  to  cloud  coj 

Photo  1230-44  unread? 

70 

*  l  ' 

„  #.“) 

#6 

due  to  cloud  cover 

L  &  W  unreadable 

u  ■ 

/  * 

3S 

00 

IR-bi ackish 

IR-blackish  trail 

MS-unreadable 

■  - 

Best  Available  Copy 


Photo  Data 


TYPE 


RUN  SPILL  TYPE  | WIDTHjLENGTH j  COLOR 


'59  #6 


_  39 _ #6 _ 

39  .  #6 


75  . 

95 

76 

95 

77 

95 

IR-blaek  trail 

Blackish  l_Thick  black  trail 


ICAL  DESCRIPTION  COVMENTS 


IR-blaokish  trail 
Black  trail 


IR-blaek  trail 


L  &  W-unreadah  e 
MS-unreadable  , 

M3  , 

Trail  visib  I 

MS-unreadab_e 


L&W-  ur.readHi)  n 
MS-unreadab  <; 


I  Length  unraadv.Irc*  d.'«i 

.Thin  .blacks  trail _ Lto._cioud  .ytvor  _  . 


Blackish  .trail . _iLStW»mire&dLu_>. 


Blackish  trail 


Black  trail 


lackish  Blackish  trail 


IR-Black  IR-Black  trail 


200'  10.600 


J £0 '_  J  1.7001  Blackia h. 
150'  11,600'  Blackish 

Grayish 


Length  &  Width  uvrevl 
able  due  to  u-oyds  • 

i 

MS^unreadab  ,.e _ j 

IR  &  MS-  | 

Unreadable _ ) 


Thin  black  trail 


_Black  trail .  .  . 

_ Black  trail 

Grayish  broken  trail  Length  &  widtf 

unreadab  ■  <;• 


Best  Available  Copy 


Photo  Data 


TYPE 


HUN  SPILL  TYPE  WIDTHjLENGTH  COLOR  PHYSICAL  DESCRIPTION  COMMENTS 


..trail 


ngth  unreadable _ I 


White  trail 

Length  &  width 

Grayish  broken  trail  unreadable 


Best  Available  Copy 


APPENDIX  D 

4-LENS  MULTISPECTRAL  DATA 


Photo  Data 


'loll  #V,  & 


TYPE  .2  &  if. 


RUN 

r  ' 

SPILL 

TYPE 

WIDTH 

r - - 

LENGTH 

COLOR 

PHYSICAL  DESCRIPTION 

COMMENTS 

Black 

H> 

* 

*:  Knot 

100' 

’,150' 

l)V-Grny 

Parallel  Trails 

Black  with 

Black  trail  with 

t  i 

10 

.V*'  Kit,)  1 

1  ',0 ' 

4,700' 

Wlii  te 

white  cloudy  splotcht 

s 

UV-^r.ayish 

Grayish  trail  with 

I 

1  4 

10 

V-'Fuel 

50' 

(i,500' 

with  white 

white  cloudy  splotcht 

s  i 

Black  with 

Black  t.  ail  with 

' 

1 1 

#2  Fuo i 

400' 

7,500' 

white 

cloudy  patches 

unreadable  in  dioto 

1  3 

1  .* 

#2  Fuel 

100' 

2,500' 

Hazy  white 

Spiral  Formation 

m  | 

1 

14.  . 

1  3 

#2  Fuel 

150' 

3,400' 

hazy  white 

Spiral  trail 

1 

Black  with 

Black  trail  with 

15 

14 

0250  • 

250' 

7,700' 

white 

white  patches 

h'. 

U 

0250 

350' 

Black 

Wide  black  trail 

1 

Black  with 

Black  trail  with 

15 

0250 

o 

o 

Cyi 

white 

white  cloudy  patches 

17 

U 

0250 

150' 

Black 

Black  trail 

-  .  ,  .  _  ...  -  i 

Tanker 

IP 

- 

,.s 

Dump 

200' 

-  ■  - . - 

B  lack 

ir  It 

most  photos  unreadab 

..-24.  .. 

.24... .  . 

12250 

.250'  . 

Black  .  . 

Wide  black  trail 

. 

J 

. 

— 

" 

.  ... 

- .  -  -  - 

■  —  -  —  - 

Best  Available  Copy 


b-1 


Photo  Data 


TYPE 


THI  color 


ICAL  DESCRIPTION 


COMMENTS 


Black  &  Black  pools  -white  I  photos  290-321 
hazy  white  hazy  spird-black  trails  width  unreadable 


hazy  white  |Wide  spiral  trail 


Black  trail  with 
hazy  white  spiral 

Extremely  wide  black 


Black 


Black  trail 
e  UV-hazy  white  pat 


II 

II  II  II 

Wide  black  trail 
UV-hazy  white  lines  : 

II 

II  II  II 

Black  trail 

UV-hazy  white  patche 

UV-hazy  white  lines  i 


Black  trail 

UV-hazy  white  patches  &  lines 


Wide  black  trail 
UV-hazy  white  lines  4cr°ss  trai 


Black  trail,  UV-hazy 
white  lines  across  t 


Hazy  white  lines 


Photo  Data 


RUN  SPILL  TYPE 


Oru.i.-  .  00 1 


COLOR 


TYPE  "®t" 


COMMENTS 


It  1! 

B 1  H(’k 

II 

B  l«i('k 

IV-hnzy 

whit 

ti 

it 

it 

n 

n 

it 

Best  Available  Copy 


1 

HoM  //  (> 

Photo  Data 

f  i  «  . . i  - r- "■  . . . . . 

TVPF  i:'W  -  C- 

Best  Available  cop 


Photo  Data 


TYPE 


Best  Available  Copy 


Photo  Data 


ICAL  DESCRIPTION 


Wide  trail  with  tig! 
•piral  formation 


Spiral  formation 


Roll 

TYPE  .  g&V 


COMMENTS 


Hazy  white  patches 
across  black  trail 


Wide  hazy  white  traiEL 
traight  lines,  gray  pools 


Wide  trail,  hazy  wh 
tches,  straight  11: 


Wide  hazy  white  pat 
straight  line  acroa 


Hazy  white  patches, 
traight  lines,  gray 


Thin  black  trail 


Spiral  formation 
in  trail 


Thin  black  trail 


[Two  thin  parallel  lilies 
Hazy  white  |hazy  white  patches  f 


Thin  hazy  white  trai! 


Wide  hazy  trail  ending 
in  spiral,  formation 


Wide  spiral  formation 
with  gray  pools  j 


Photo  Data 


Rol  l  #9 
TYPE  -3&W 


RUN  SPILL  TYPE 


L  DESCRIPTION  COMMENTS 


Heavy- 

Crude  50' 


Thin  black  trail 
e  UV~hazy  white  tra 


Hazy  white  Hazy  white  trail  witl 
Gray  I  gray  pools  inside  trill 


Two  hazy  white  trails 
Hazy  white  w/uhite  patches  between 


Wide  hazy  white  trail 
/gray  patches  inside | trail 

spirll^orma^on1  it/ 

gray  pools  inside 


Black  Black  trail  with  haz 
Hazy  white  white  trail  inside 


Hazy  white 


s  inside 


'  "  100' 


Hazy  white 


Wide  hazy  white  trai 


Hazy  white  trail, 
spiral  formation 


Hazy  white  trail, 
cloudy  patches 


Hazy  white  trail 
ending  in  spiral 


Hazy  white  trail  v, 
white  patches 


Hazy  white  trail 
w/gray  patches 


Black  Wide  black  trail  w, 

Hazy  white  white  patches 


1 


Photo  Data 


HOx-  ynj 


TV'PE  B&Vf 


RUN 

— 

SPILL 

TYPE 

jU 

g 

COLOR 

PHYSICAL  DESCRIPTION 

COMMENTS 

57 

71 

Heavy 

Crude 

600' 

Hazy  white 

Wide  hazy  trail 

72 

Heavy 

Crude 

500' 

Black 

Hazy  white 

■aawHniaiH 

de 

73 

Heavy 

Crude 

400' 

Hazy  white 
Gray 

Hazy  white  trail  w/ 
gray  pools  inside 

74 

| 

200' 

Hazy  white 

Hazy  white  trail, 
Spiral  formation 

58 

70 

a 

200' 

Ha?y  white 

Hazy  white  trail, 
cloudy  patches 

71 

n 

300' 

It 

II 

72 

n 

200' 

Hazy  white 
Gray 

Hazy  white  trail 
gray  pools 

j 

73 

it 

350' 

Hazy  white 

Hazy  white  trail 
lines  across 

74 

250' 

Hazy  white 

Hazy  white  trail 
lines  across 

59 

75 

ii 

250 » 

Milky  white 
Gray 

mkv  white  trail, 
spiral  lormation 
urray  pools 

60 

75 

H 

250' 

II 

ii 

76 

a 

200 » 

II 

It 

61. 

75  • 

. 

M  . 

-  -  M . . 

.  . 

76 

n 

200' 

If 

Milky  white  trail 
line  formation  acrosj 
eray  pools 

77 

a 

250 « 

Milky  white 

Milky  white  trail, 
loose  spiral  formatic 

n 

62 

75 

a 

200' 

Hazy  white 

Straight  lines 
formation  across 

76 

a 

200' 

" 

Straight  line  across 
cloudy  patcjjggjggray 

77 

n 

250' 

II 

Lines  across',  cloudy 
patches 

78 

a 

300' 

II 

Loose  spiral  formatic 
cloudy .patches 

n 

63 

76 

•I 

m 

. 

II 

Straight  line  across 
cloudy  patches 

77 

a 

200' 

II 

II 

78 

a 

200' 

If 

II 

D-8 


Photo  Data 


RUN  SPILL  TYPE 


Hazy  vhite  I Thin  spiral  trail 


Thin,  trail,  cloudy 
patches,  straight 
lines  across 


Black  trail,  vhite 
e  lines  across (UV) 


Black  trail,  UV-hazyl 
vhite  spiral  over  trail 


Thin  black  trail  vit] 
cloudy  patches 


Black  trail  vith  haz 
spiral  formation  ins 


Thin  black  trail  vit 
vhite  line  across 


Wide  black  trail  vit 
vhite  lines  across 


Black  trail  vith 
cloudy  patches  inside 


Roll  #11 

TYPE  3&W 


Photo  Data 


RUN  SPILL  TYPE 


Roll  #1 

TYPE  8&w _ 


PHYSICAL  DESCRIPTION 

COMMENTS 

Black  trail  w/hazy 
white  patches  inside 

trail 

#6  150' 


Heavy 

Crude  100' 


150' 


Heavy  I 
Crude  p00' 


2/1  gas 
&  oil 


Wide  black  trail  w/h« 
white  line  across  tri 

zy 

il 

Black  trail  w/hazy 
white  lines  across  ti 

■ail 

Unreadable 


D-1 1 


VO 


Photo  Data 


Roil  #1 


APPENDIX  E 

4-LENS  HPLTISFECTRAL  SPREAD  RATES 


Photo  Data 


RUN  SPILL  TYPE 


11 _ 

10 

12 

10 

12 

11 

If 

400' 

15 

14 

16 

14 _ 

17 

14 

150* 


16 

15 

9250 

200' 

13  I  S  Dump  200' 


24 

24 

9250 

250' 

Light 

Crude 


350' 


700' 


Black  trail  v/white 
e  cloudy  splotches 


UV-grayish  Grayish  trail  with 
with  white  white  cloudy  splotchi 


Black  w/  Black  trail  w/cloudy 
white  splotches 


Hazy  white  Spiral  formation 


Hazy  white  Spiral  trail 


Black"  trail" 
e  patches 


Wide  black  trail 


Black  trail 


Black 


Black  trails 


Black  Wide  black  trail 


Black  &  31ack  pools-white  ha 
hazy  white  ipirals-bl.nck  trails 


Hazy  white  Wide  spiral  trail 


Black 


TYPE  2ML 


AL  DESCRIPTION  COMMENTS 


Parallel  trails 


Photo  Data 


TYPE  l&W 


Photo  Data 


TYPE  .-8&W 


RUN 

SPILL 

TYPE 

m 

m 

m 

mm 

— 

COLOR 

PHYSICAL  DESCRIPTION 

COMMENTS  .1 

35 

39 

Light 

Crude 

300  • 

Black 

UV-hazy  wh: 

Black  trail,  UV-hazy 
te  white  spiral  in 

.rail 

36 

39 

ll 

300' 

II 

.Wide  black  trail, 
UV-hazy  white  patchei 

in  trail 

.17... 

39 

ti 

400' 

II 

Wide  black  trail, 
UV-hazy  white  trail 

m 

m 

I 

150' 

II 

Black  trail,  UV-hazy 
white  patches  in  tra: 

1 

Hi 

m 

m 

150' 

It 

II 

■ 

■ 

36 

40 

I? 

300' 

II 

II 

37 

40 

ii 

350' 

ti 

Wide  black  trail 
UV-hazy  white  trail 

38 

40 

« 

250' 

It 

Black  trail,  UV-hazj 
white  patches  in  tre 

il 

>B 

40 

it 

400' 

" 

II 

■ 

37 

41 

V 

250' 

n 

II 

33 

II 

200' 

ii 

Black  trail, UV-hazy 
white  trail  over 
black  trail 

39 

KE 

II 

300* 

II 

Black  trail,  UV-hazy 
rfhite  patches  in  trai 

l 

41 

41 

II 

150' 

II 

II 

II 

37 

42 

II 

200' 

II 

II 

33 

42 

II 

o 

o 

r> 

II 

II 

B 

42 

II 

si 

O 

It 

Wide  black  trail, UV- 
lazy  white  patches  in 

trail 

n 

42 

It 

100' 

11 

11 

41 R 

42 

It 

150’ 

II 

II 

. - 

39 

43 

II 

n 

|  : 

II 

It 

40 

43 

H 

100' 

It 

It 

(5) 

Photo  Data  type  raj 


RUN 

SPILL 

TYPE 

11 

■ 

LENGTH 

COLOR 

COMMENTS 

9 

Light 

Crude 

_ 1QQJ- 

Black  -  UV- 
Hazy  white 

Black  trail  with 
hazy^ white ^  patches 

flB 

9 

Hi 

HI 

47 

54 

RSI 

| 

S99 

Vide  hazy  white  trai 
lines  across-Dark 
patches  in  trail 

43 

54_ 

Light 

Crude 

150' 

Hazy 

white 

Straight  lines  acros 
Hazy  white  patches 

!- 

. 

54 

Light 
Crude  . 

300' 

Black  -  UV- 
Hflzy  white 

31a ck  trail  with 
nazy  white  patches 
in  trail 

■ 

Light 

Crude 

400' 

Hazy 

white 

H 

. 55 

Light 

P.mdn 

iH 

Black  with 
hazy  white 

Black  trail  with 
hazy  white  patches 

' 

49 

-  51_ 

Light 

Crude 

Black  -  UV  . 
Hazy  white 

Black  trail  with 
nazy  white  patches 
in  trail 

47 

56 

Light 

Crude 

400' 

Milky 

white 

Wide  spiral  pattern 
Dark  splotches 

_A8 

^.56  .. 

Light 

Orlde 

450' 

Hazy  white 

Rr  finny 

Ha?y  white  trails  „ 
with  large  gray  pool 

» 

49 

56  _ 

Light 

Crude 

150' 

Black 

hazy  vhit« 

Hazy  white  patches 
across  black  trail 

■ 

57 

Heavy 

Crude 

150'  _ 

Milky 

white 

Spiral  trail  pattern 

!■ 

57 

Heavy 

Crude 

600 » 

Hazy  white- 
UV-Grav 

3  nrcre  trrav  r*->nl  n 

48 

58 

Heavy 

Crude 

550' 

Milky 

white 

1 

9 

Heavy 

Crude 

400' 

Hazy  white 
_  &  Gray 

sswiwpfii 

| 

■  -  — 

9 

HI 

9 

§9 

P^O' 

Hazy  white  trail 
with  gray  pools 

! 

49 

59 

Heavy 

Crude 

700' 

Hazy  white 
&  Gray 

Wide, hazy  white  trai' 
straight  lines  acros: 
gray  pools 

48 

60 

Heavy 

Crude 

250' 

HHHumIB 

Spiral  formation 

E-5 


Photo  Data 


(6) 

TYPE  -ML 


RUN  SPILL  TYPE  WIDT 


ml  COLOR 


ICAL  DESCRIPTION 


COMMENTS 


Heavy 

49  60  Crude  800' 


Heavy 
Crude  800' 


50 

63 

Heavy 

Crude 

200> 

51  I  64  Icrude  i  50 


53 

66 

54 

66 

55 

66 

56 

66 

57 

66 

53 

67 

■J 

100' 

54 

67 

iB 

400' 

55 

67 

n 

100’ 

56 

67 

m 

100' 

Vide  trail,  hazy  vhi 
Hazy  white  patches,  straight  11 


Hazy  white  Wide  hazy  white  pat 
&  Gray  Iw/straight  lines  ac: 


Hazy  white  patches, 

straight  line  across  gray  pools 


Hazy  white  patches 
Hazy  white  in  trail 


Black 

Thin  black  trail 

Hazy  white 

Thin  hazy  white 
trail 

Thin  hazy  white  tra 
Hazy  white  ending  in  wide  spira 


“Trail-TOO7 
Wide  spiral-50C 


A  spiral  formation 
Hazy  white  in  trail 


rhin  hazy  white 
trail 


Black  & 
hazy  white 


Hazy  white  trail, 
Hazy  white  cloudy  patches 


Hazy  white  trail  w/ 
ay  pools  inside  tr 


_  ...  feazy  white  trail  w/ 

Hazy  white  r.  .? 


Photo  Data 


COLOR 


ICAL  DESCRIPTION 


Hpzy  white  trail 
ending  in  spiral 


TYPE  gW 


COMMENTS 


Hazy  white 


Black  Black  trail  w/hazy 
Hazy  white  white  patches  &  trail?  insido 
Hazy  white  trail 
w l  white  patches _ 


Wide  hazy  white  trail  w/ 
gray  patches  inside  trail 

Wide  hazy  white  trai  .  w/ 
lines  across  &  cloud  r patches 

Hazy  white  trail  w/ 

.  gray-patchea _ 


Wide  hazy  white  trai 
lines  across  &  do 


Black  &  Wide  black  trail  w/ 
hazy  white  white  patches _ 

Hazy  white  trail, 
Hazy  white  cloudy  patches 


azy  white  trail, 
piral  formation 
ide  black  trail-hazjj 
spiral  formation  inside 


zy  white  trail 
gray  pools _ 


Photo  Data 


(8) 


RUN  SPILL  TYPE 


61 

77 

62 

77 

62 

78 

63 

78 

ft 

200' 

■ 

ft 

200' 

ft 

200' 

ft 

250' 

64  81  06  100' 


TH  COLOR  PHYSICAL  DESCRIPTION 


Hazy  white  trail  v/ 
gay  pools  Inside 
Hazy  white  trail 
Hazy  white  lines  across 


TYPE  —  BSeV 


COMMENTS 


Hazy  white 

Hazy  white  trail 
spiral  formation 

Hazy  white 

Hazy  white  trail 
lines  across 

Milky  white  trail, 
spiral  formation. 


Milky  white  trail,  lines 
across  gray  pools  ( 


Hazy  white 


Milky  white  trail,  s; 
formation,  gray  pool 

Milky  white  trail  11 
formation  across. 


Iky  white  trail,  ldose 
spiral  formation  1 


zy  white  [Thin  spiral  trail 


Photo  Data 


(9) 

TYPE  _  B  &  W 


Photo  Data 


TYPE 


E-10 


APPENDIX  F 


AIRCRAFT  LOG 


TEST  DATA  SHEET*  AIRCRAFT 
Location 


Date  April  6  of  70 

Aukland  ~ 

Operator  Scarbrough _ 


Subject 


Mobile  Area  -  Gulf 


Oil  Slick  Measurement 


Antenna  Nadir  Aircraft  do-  3 


Tape 

Speed 


Weather 

Wind  -  01C  3  14  knots 

Clear 

Jap©  Tape 

Reel  i  c  r.  slow  ii 

Number  lSPeed 

Radiometer  I  Data  Channel 

Frequency  Number 

_ 10-2GHI _ H _ 4 _ 

10.2gh»  Y _ 3 

30  GHx  H _ 2  _ 

30  GHt  V _ 1 

_ GHi _ 

_ GHx _ 

GHil  _ 

Comments 

30  Hot  load  temp.  -  103°  2.481Ka 

10.2  Hot  load  temp.  ~  93° 

Sea  Temp 


Angle  46 
Sea  State 

Some  Breakers 


Type  c~47 
Temperature 


Camera 
slow  ips  Film 

Number 


1  &  2 


18o 

Wciter _ 

Frames 
per  sec 


o 

Surface 


Data 

H 

Channel 

Number 

L 

V 

3 

H 

2 

V 

1 

10.2  -  HT  2.756K  -  90.5?K®0745 
10.2  -  AT  5.326 
30  -  HT  2.475  -  2500 
30  -  AT  4.995 
Turn  on  30  Cal-  254  mv 
V  -283 
H  -210 

(  10  H  -173.1 


Warm  up 


V  -  75.3 
C  al  -134 


10.2  GHz  V  +  1.427V 

H  +  1.940v 

Camera  Start  #  4633 
MSS  Int,#  2414 


30  GHz  V  +  1.190 
H  -+1-79 

Ship  2°  roll 
6  pitch 


Problems  on  Recorder  Readout 

30  GHz  Honly  good  readout 
Data  OK  on  tape  -  Some  bias 


8  mln/run  14  knots 

2  nd  mark _ 

Start  search  over  #4 


-3 


TEST  DATA  SHEET*  AIRCRAFT 


Location  29°  25'n  87°  ww  ouif  or  m 

out  of  Mobile 


Ope 


Aukland 


Of_70 


Subject 


Oil  on  water 
Coast  Guard  Tests 


Weather 


310  wind 


Antenna  Aircraft 

Angle  46°  Nadir  Type  dc-3 


Sea  State  10  knots  Temperature 

Occasional  white  ca 


Tape 

Reel  2 
Number 


Tape 

Speed 


Number 


Camera 
slow  ips  Film 

Number 


Channel  Calibration  Data 


Water 


Frames 
per  sec 


o 

Surface 


10.2  HT- 

10.2  AT-4.680°K  15° c 

30.0  HT-2 . 486-2532-93 .9-93 . 1° C 

30.0  AT-4.350  16.5°C 

Turn  on  -  10jCal  -.305 
reading  y  -.278 
H  -.372 
30 3  cal  -.444 

V  -.464 
H  -.416 

30  HL- 

10.2  HL- 


Comments  0715  Take  off  time 

morning  run  225°  Mag. 

Sea  Reading  @0745 

10  GHz  V-  +1.575 

H-  +2.025 

Smooth 

Changed  to  #2  data 
tape  for  today-check  out 
data  in  last  of  #1 

30  GHz  V-  +1.150 

H-  +1.720 

No  white  horses 

On  Station  @0800 

Tape  start  010 

Camera  4770 

Scanner  N.G.  -  No  data 

6th  or  7th 

Bores ight  camera  -  fouling  data 

k _ _ _ 

-J 

F-6 


_  ,  Tape  .  Camera  A. 

Target  Indicator  Frame  Aircraft 

number  speed  altitude  heading 


April _  -JZofTQ. 

Comments 


_Kk_: 


-0061 


9250 — gpm- 


Return  over  - 18  &  17 
Mlc  2 

Return  complete 
Over  #17 


. . j_ . 

_ 

! 

Over  #13 
Camera  or 

Over  #19 


Return 


0914- 

X-fC915 

0916 


Everything  go  — 
_See  .#-18  .clear  all_un;  ts 

-0ver_#19 _ _ _ 

_0ver  #20 . . 

Mk  #1 _ 

-IR- camera -off  _ 

-Ran -past  ship  . 


TEST  DATA  SHEET  •  AIRCRAFT 
Location 


_ _ _ _ Operator, 

29°  25N,  87°  15W  Gulf  of  Mexico  out  of  Mobile 


_  JL.  Of_2£L 

Aukland  & 
Scarbrough  4 


j  Subject 


Oil  on  water 
Coast  Guard  Tests 


Weather 

Haze-Few  clouds  @2000 
Wind  @125°  -  4-6  knots 


Aircraft 
Type  DC“3 

Temperature 

Water 


Surface 


Number3"4  Speed  ^  ips 

Radiometer]  Data  Channel 
Frequency  Number 


Frames 
per  sec 


Antenna 
Angle  460  Nadir 

Sea  State 

5  foot  -  occasion* 
horse 

Camera 
Film  2 
Number _ 

Calibration  Data 

10.2  HT  -  2.624 
10.2  AT  -  4.134 
30.0  HT  -  2.442 
30.0  AT  -  3.767 

Turn  on  readings 
10  -  C  -  .170 

V  -  .151 
.H.^.243, 

30  -  C  -  .330 
H  -  .325 

V  -  .374 


_ GHz] _ _ I  9745 _ 

Comments  only  fire  bores ight  at  intervals  to  avaid  data  interference. 

IR  scanner  still  NG,  multi-spectral  marginal  -  (awaiting  parts) 

0715  Take  off 


Sea  State  0  0800 

-  2-3' no.  horses 

125  @  15K 

10  V  +  1.490 

30  V  +1.150 

10  H 

+1.980 

10  H  +1.960 

30  H  +1.600 

V 

1.490 

Cal  -  94.0 

Cal.  -1.06v 

30  H 
V 

More  white 

1.600 

1.05 

F-10 


TEST  DATA  SHEET.  AIRCRAFT 


Location  29°  25' n  8t°  15 '» 

Gulf  of  Mexico 


Operat 


1 -  S—  Of2Qu 

Aukland  & 


Subject 


Oil  slick  on  water 


Weather 

Wind  S®034  @  4  knots 
Heavy  haze  60800- Breaker  -dark  clouds 


Tape 

Reel  4 
Number 


Radiometer 

Frequency 


Tape 


Qooorl  Slow  *PS  fil™ 

Speed  slow  K  Nun. 


a 


Antenna 
Angle  n  &0 


Sea  State 

svells-no  breakers 
lit hie  ripple 


Camera 


Channel 

Number 


Number 


Calibration  Data 


Aircraft 

Type 


Temperature 

o 

Water 


Frames 
per  sec 


o 

Surface 


10.2  HT  -  3.038 
10.2  AT  -  4.333 
30 HT  -  2.468  -2. 503 

30  AT  4,2.18 _ 

Turn  on  reading 


—  C  —  .16 

C  -  .297 

V  -  .142 

V  -  .277 

H  -  .238 

H  -  .388 

C  -  .220 

V  -  .340 

C  -  .420 

H  -  .290 

V  -  .454 

H  -  .407 

GHz 


Comments 

Sea  States 
@0745 

10  -  V  -  1.350  1  , 

H  -  1.890 AomethinS 
C  in  water 


30  -  V  -  +1.075 
H  -  +1.690 


Take-off  @0730 


V  -  1.385 
H  -  1.930 

V  -  1.075 
H  -  1.680 


Light  swells 
no  horses 


F-14 


c~ 

l 

*- 

h_ 

CD 

& 

£h 

Target 

Tape  Camera 
Indicator  Frame 
number 

Date  irvMi  0  of  7n\ 

Time 

speed 

nnuidi  1 

altitude 

heading 

Comments 

1 

r 

Luos , 

-Ov  68 _ 

0630 

JZi 

031 

15 _ 

H.C.  -  2,Q6j 

pm 

VO  1 

1306 

.Qv^  i>9 . . 

064.5 

0307., 

Ov.  70 

0657 

JL3Q8_ 

Ov.  71 

0669 

■1300- 

_3v.  72 _ 

06«5 

£_ 

1311 

Ov.  ship 

0693 

_ 

1315 

Ov.  7  2' 

RTS 

Z2_ 

iri7 

MV  3 

i3ia 

jQv_2Q _ 

* 

zx 

h13l8 

H.C.-1.35gpn 

Mk  1 

1319 

Ov  69 

0746 

1320 

Ov  6ft 

0754 

11321 

Ov  67 

0768 

r 

,1,323 

-Ov.  66 

0705 

1325 

Ov  65 

0808 

ER 

X— 

Ov,  64 

ZX 

1  33(1 

Mk  3 

■4330- 

Ov  65 

Z4 

1331- 

H.C.  .-1.00* 

ECU . 

Mk  1 

1332 

Ov  67 _ 

oft/; o..._ 

Ov  67 

1333. 

Ov  6ft 

0864 

i 

i 

133*; 

Ov  6Q 

0880 

,1336_ 

Ov.  70  ..... 

0901  . 

;  i 

,1337. 

Ov  71 

1339- 

Ov  72 

0938 

1 

1341 

Ov.  73 . 

.  1 

1  -i 

Ov.  74 

0Q6Q 

1 

zx 

-4 1343 

1 

Mk  3 

X_Ll344 

6  7  74  .  . 

0986 

i  . 

End  of  days 

ops  -  will  mak< 

1  run  down  further 

X 

11356 

Ov.  7.1 

0987 

1 

| 

1357 

Ov  72 

1004 

i 

j 

!x 

;  1400 

Ov  74 

1060 

! 

i 

1 

Rel 

urn  to  Mobile 

! 

j 

j 

±_ 

1065 

i  ! 

_  L._i__  - 

1070 

i  1 

P.bHVi  +.nrv» 

- 

;  +  1533 

-  - - - 

- - - - 

- 

- - — 

j 

4 - 

Land  Mobile 

V. 

1 _ 

1 

L— — 

> 

J _ 

J 

TEST  DATA  SHEET  •  AIRCRAFT 


Operator 


i _ jxofeai 

Aukland  & 


Location 


Subject  011onMater  Antenna 

Angle 


Gulf  of  Mexico,  off  Mobile 


Oil  on  Water 


Sea  State  Tempt 

Some  white  caps  62°  0 
Wind  17  knts.  . 


Weather  Haze-Over  cast 
Dark  broken  clouds 
Few  low  slouds  x  1000  feet 


a  Channel  Calibration  Data 
Number 

10.2  V  -  90M7 
/  H  -  77MV 


Tape  jaDe  Camera 

Reel  6  slow  ips  Film  3 

Number  Speed  Number 


GHz 


Comments 

Sea  State  ®  1005 


10.2  V  - 
H  - 


V  -  1.44^ 
H  -  1.890  J 

V  -  0.900  \ 
H  -  1.390 ) 


Sky 

Wind 


17  knots 


Aircraft 
Type  B0-3 


Temperature 


Surface 


Frames 
per  sec 


F-20 


8  .8  .  Time 


Ta^t  wgwrJSS1  ^ 


Date_iprl] - lDfJZd 

Comments 


Take  off 


120  2000  I  260  I  Mk  1  -  10  kts 


Mk  3 


X  0851 


Mk  3 


Mk  1 


6  J206.GP 


120  2000  1180 


X  0906 


X  0929 


[•TAH 


6432  ,_6854 


Clouds  RTS 

JBroken  to 

full 

it  ER 

Clouds-No 

contact 

RTS  -  ER 

Mk  1 

14  kts 

RTS _ 

ER 

Mk  1 

Cloud 


Mk  1 


?  .to  .  Time 


.  Tape  Camera  A.  11Lf, 
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Location 


Date. 


■April 


12- 
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Operator _ Scarbrough 


Gulf  of  Mexico 


Subject 

Oil  on  Water 

Antenna  „ 

Angle  46 

Aircraft 

Type  DM 

Weather  In  op-area-clear 
clouds  to  north  &  SW 

Wind  275°  9  11  knots 

Sea  State  0755 

1.5* -3  swells 

No  white  caps 
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10.  OtSTRI  Mo  T  ION  STATEMENT 


Unlimited 


U.  S.  Coast  Guard 


llrbome  remote  sensing  techniques  were  applied  to  the  detection  and  discrimi- 
nation  of  pollution  by  oil  on  the  ocean  surface.  The  tests  were  performed  in  the 
Guif  of  Mexico  during  April,  1970.  Pollutants  investigated  included  #2  fuel  oil, 
ffo  fuel  oil,  9250  lube  oil,  light  crude  oil.  heavy  crude  o»il,  gasoline,  and  mixtures 
of  gasoline  and  oil.  A  total  of  103  oil  slicks  were  produced  as  a  function  of  spill 
rate  and  ship  speed.  Ship  speeds  were  nominally  10,14,  and  17  knots  and  spill  rates 
ranged  from  0.02  to  greater  than  4.0  GIM  (Gallons  per  minute* 

Sensors  used  during  the  airborne  tests  included:  two  dual  polarized  microwave 
radiometers  operating  at  10.2  and  30  GHz,  an  infrared  scanner  operated  in  both  the 
4-5.51*  &  8-14JJ-  regions,  a  dual  70  mm  camera  sensing  visible  color  and  infrared  color 
a  4-lens  camera  employing  filters  from  the  mid-visible  to  ultraviolet  wavelengths. 

Oil  was  detected  on  the  sea  surface  at  spill  rates  as  low  as  0.2  GPM  for  long 
wavelengths  sensors  and  at  the  lowest  spill  rates  for  photographic  imagery  using  an 
ultraviolet  filter.  Anomalously  warm  infrared  radiometric  temperatures  were  record¬ 
ed  in  the  4-5. 5^  region  for  heavy  crude  oil  while  #6  fuel  oil  appeared  radiomet— 
rically  cooler. 
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